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Abstract 
Gallium based liquid metal alloys such as Galinstan (68.5% gallium, 21.5% 
indium, 10% tin) have been hailed as the building blocks of the future micro-
electro-mechanical systems (MEMS). Such liquid metals have the properties of a 
metal, including high electrical and thermal conductivities, high density, high 
surface tension, and at the same time have the fluidic properties of a liquid. 
Despite their high cohesion, they have surprisingly low viscosity and are highly 
deformable. More importantly, unlike mercury these liquid metals are nontoxic 
and can be safely used in the research labs. Due to these remarkable properties, 
there has been a growing interest in using such liquid metals in diverse 
applications such as soft electronics, energy harvesting, reconfigurable devices, 
microfluidics and MEMS.  
The liquid metal droplets are generally injected onto the desired locations of the 
system manually, and thus are in the millimeter scale. Sonication of liquid metal 
droplets is a proven mechanism to produce micro-scale droplets. However, the 
sonication provides limited control over the size of produced droplets. Techniques 
that can produce uniform liquid metal droplets and enable the continuous 
processing of droplets would be greatly preferred. 
Microfluidic droplet generation systems have been used for the continuous 
production of micro-scale liquid metal droplets with the control over the size of 
the droplets. Due to high surface tension of Galinstan, high viscosity liquids such 
as glycerol are required to pinch off the Galinstan into micro-scale droplets. The 
produced droplets are carried in glycerol; however, in order to exploit their unique 
functionalities, the produced liquid metal droplets should be transferred into low-
viscosity, oxide-suppressing liquids such as sodium hydroxide (NaOH). 
The transfer of liquid metal droplets can be achieved passively by means of 
hydrodynamic forces, or actively by means of electrochemical, electrical, 
acoustic, and photochemical mechanisms. Hydrodynamic transfer of droplets 
eliminates the need for external interfaces, and simplifies the fabrication and 
operational processes. However, the hydrodynamic transfer of liquid metal 
droplets from glycerol into secondary liquids has not been reported before.  
As my first research contribution, I investigated the transfer of Galinstan 
droplets from the glycerol into NaOH using a microfluidic system. The 
microfluidic system consisted of a flow focusing system for continuous generation 
of Galinstan droplets within the glycerol, and a novel, monolithically integrated 
system for transferring these droplets from the glycerol into NaOH solution. The 
hydrodynamic characteristics of transferring process were studied using high-
speed imaging. Computational fluid dynamics simulations were also conducted to 
explore the nature of the transfer. Simulations revealed a sharp velocity gradient at 
the interface of the glycerol and NaOH flows, which generated sufficient 
hydrodynamic lift force to draw the Galinstan droplets towards the interface. 
Simulations also revealed the critical role that surface tension gradient plays to 
overcome the enormous shear stress at the interface to transfer the droplets across 
the interface. The transition of droplets was ordered with minimised impact on the 
upstream droplets. 
As my second research contribution, I studied the role of surface tension 
gradient in the lateral migration of air bubbles using different combinations of 
neighbouring flows. For the case of glycerol-NaOH flows, the surface tension 
gradient force opposed the transition of air bubbles into NaOH flow. However, the 
hydrodynamic lift force was strong enough to overcome the opposing force and 
push air bubbles into NaOH. To rule out the impact of hydrodynamic lift force, 
glycerol was replaced with ethanol. Ethanol and NaOH have almost similar 
viscosities but significantly different surface tensions. Experiments indicated that 
surface tension gradient was able to transit air bubbles from NaOH to ethanol. In 
contrast, the transition of air bubbles from ethanol to NaOH was suppressed, as 
the surface tension gradient force opposed the transition.  
As my third research contribution, I explored the controlled transfer of 
Galinstan liquid metal droplets from central glycerol stream into two sheath 
streams of NaOH within a flow focusing microfluidic system. Experiments, using 
high-speed imaging, revealed that transfer of Galinstan droplets is governed by 
the shape of glycerol core flow, according to which different transfer regimes can 
be achieved, enabling the droplets to transit into the NaOH sheath flow in a 
disordered, semi-ordered or ordered manner. The shape of the core flow could be 
readily tuned by varying the flow rate of the sheath flows. Ordered transition of 
droplets enabled the droplets to transfer into the two sheath flows in a sequential 
manner. 
As my fourth research contribution, I investigated the active directional control 
of droplets by providing a flow mismatch between the two sheath streams. 
Experiments indicated that the flow mismatch beyond a certain point could lead to 
the constant transfer of droplets to the quicker sheath flow. This phenomenon was 
employed for the transferring of droplets from one sheath flow to another by 
varying the relative rates of the sheath flows. The transition was very smooth 
without causing any disturbances in the system. 
In summary, the developed microfluidic systems can be readily integrated into 
other microfluidic platforms to enable highly complex, yet practical liquid metal 
enabled systems in the areas of MEMS, microfluidics and soft electronics, to 
realise a variety of future dynamically reconfigurable micro devices. 
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CHAPTER 1 
Introduction 
 
1.1 Liquid metals offering remarkable properties 
Liquid metals possess the properties of both ‘liquids’ and ‘metals’, as reflected by 
their name. This provides unique opportunities for creating novel small-scale 
systems with exceptional mechanical, thermal, electrical and optical properties. In 
order to realise such opportunities, this section summarises and compares the 
properties of four common liquid metals, including mercury, gallium, EGaIn and 
Galinstan, as given in Table 1.1. 
Mercury is among the five elements that remain liquid at room temperature (the 
other four elements include gallium, cesium, francium and bromine). Its symbol 
‘Hg’ is derived from the Greek name ‘Hydrargyrum’ that means ‘watery silver’ 
[1]. As a metal, mercury is very dense (13.5 times denser than water), and has a 
high electrical conductivity (~109 times more conductive than DI water) and a 
high thermal conductivity (~27 times more conductive than DI water). Mercury 
has a melting point of −38.5 °C, and in its liquid form has a low viscosity (only 
1.5 times more viscous than water) but a remarkably high surface tension (~6.5 
times more than that of water) [1-3].  
Mercury has a tendency to form alloys with almost all metals, which is referred to 
as ‘amalgamation’, and this unique feature been conventionally used for 
extraction and purification of gold and silver. Furthermore, due to its remarkable 
metallic and fluidic properties, mercury has been widely used for developing 
thermometers, barometers, dental amalgams, and mercury-vapour lamps in its 
2 
	  
gaseous form [1, 4]. Despite such remarkable properties, mercury has toxic effects 
on lungs as well as nervous, digestive and immune systems [5], and its application 
in commercial devices has been restricted since 1990’s. These limitations have 
paved the way for development of gallium or gallium-based devices. 
Gallium is another liquid metal. Its name is derived from the Latin word "Gallia" 
that means "France", where it was discovered. Gallium has a melting point of 
29.8°C, which is slightly higher than room temperature but can stay in liquid form 
below its melting point due to its supercooling ability [1]. As a liquid metal, 
gallium has remarkable fluidic and metallic properties. Gallium is lighter than 
mercury but has significantly higher electrical and thermal conductivities than 
mercury. Gallium viscosity is comparable to that of mercury but has a remarkably 
higher surface tension [3]. 
Gallium has been widely used for development of high temperature thermometers 
and semiconductor compounds, including gallium arsenide (GaAs) and gallium 
nitride (GaN) [1]. Unlike mercury, gallium is not toxic, has a very low vapour 
pressure even at high temperatures. However, gallium amalgamates with most 
metals and especially aluminum, which limits its application. The tendency to 
reduce the melting temperature of gallium has led to development of gallium 
based liquid metal alloys, among them eutectic gallium-indium (EGaIn) and 
Galinstan have been commercially available. 
EGaIn is a gallium-based alloy (75% Gallium, 25% Indium) with a melting 
temperature of 15°C, and thus remains liquid in room temperature. Compared to 
gallium, EGaIn is ~50% more viscous and ~50% less electrically conductive [4].  
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EGaIn is less toxic than mercury, has a very low vapor pressure, and has a melting 
point below room temperature. Due to these remarkable properties, EGaIn has 
been extensively used for developing electronic, communication, optical, MEMS, 
and microfluidic devices [4]. 
Galinstan is another gallium-based alloy (68.5% Gallium, 21.5 % Indium, 10% 
Tin) with a melting temperature of −19°C. Galinstan name is derived from its 
constitutes (gallium, indium, stannum) with the latter meaning tin in Latin. 
Compared to gallium, Galinstan is ~80% more viscous and ~50% less electrically 
and thermally conductive.  
Galinstan is preferable in specific applications such as thermometers and 
microswitches, where liquid metal needs to be in liquid state below 0ºC [1]. In 
addition, compared to EGaIn which is a binary alloy (gallium and indium), 
Galinstan is a ternary alloy (gallium, indium and tin), which provides more 
challenges (opportunities) for its characterisation and implementation [4], 
however there are no reports comparing EGaIn and Galinstan alloys. 
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Table 1.1 Properties of common liquid metals [2, 6-9] 
Property Mercury Gallium EGaIn Galinstan 
DI Water  
@ 25ºC 
Density 
(kg/m3) 
13533 6093 6280 6440 998 
Viscosity  
(Pa s) 
1.526×10−3 1.37×10−3 1.99×10−3 2.4×10−3 1×10−3 
Surface 
tension 
(N/m) 
487×10−3 707×10−3 624×10−3 718×10−3 72×10−3 
Thermal 
conductivity 
(W/m K) 
8.541 29.3 26.58 16.5 0.6 
Specific 
heat   
(J/kg K) 
140 410 403.5 295 4183 
Electrical 
conductivity 
(S/m) 
1.04×106 6.73×106 3.4×106 3.46×106 <5×10−4  
Melting 
point (ºC) 
−38.8 29.8 15.5 −19 0 
Boiling 
point (ºC) 
356 2205 2000 > 1300 100 
Vapor 
pressure  
(Pa) 
1  
@ 42ºC 
~10−35  
@ 29.9ºC 
Not found 
<1.33×10−6  
@ 500ºC 
3169  
@ 25ºC 
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1.2 A summary of small-scale systems enabled by liquid metals 
There is a growing interest in application of liquid metals for developing small-
scale devices, for a variety of application in soft electronics, communication, 
reconfigurable devices, MEMS and microfluidics, as presented in some excellent 
review articles, including [1, 4, 10]. 
This section summarises various miniaturised systems (with dimensions ranging 
from hundreds of microns to several millimeters) enabled by the four common 
liquid metals, including mercury, gallium, EGaIn and Galinstan. The presented 
devices are further classified into several sub-groups according to (i) the method 
used to pattern liquid metal within the system, and (ii) the actuation mechanism 
(operation principle) used to functionalise the liquid metal, as presented in Tables 
1.2, 1.3, 1.4 and 1.5. 
According to these tables, the most common methods utilised for patterning liquid 
metal include: (i) localised injection of liquid metal droplets onto the desired 
locations of the substrate, (ii) injection of liquid metal into the microfabricated 
structures, (iii) printing, (iv) sonication, (v) heating of gallium-arsenide substrates, 
and (v) microfluidic droplet generation. 
Likely, the most common methods to actuate the liquid metal based systems 
include (i) electrowetting, (ii) electrochemical, (iii) electromagnetic, (iv) electrical 
(v) photochemical, , and (vi) adding nanomaterials (to either enhance the bulk or 
surface properties of the liquid metal). 
A closer look at the tables reveals that the majority of the systems are made of 
EGaIn or Galinstan, due to their less toxicity in comparison to mercury or their 
lower melting point in comparison to gallium. 
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Table 1.2 Examples of mercury based devices 
Patterning method 
Actuation mechanism (or 
operating principle) 
Application 
Localised injection of 
liquid metal droplets 
using syringe 
Continuous electrowetting Micropump [11] 
Electrowetting 
Locomotion [12] 
Microswitch [13] 
Micromirror [14] 
Electrostatic Microswitch [15] 
Pneumatic pressure Microswitch [16] 
Injection of liquid 
metal into the test 
tube 
Electrochemical Valve [17] 
 
Table 1.3 Examples of gallium based devices 
Patterning method 
Actuation mechanism 
(or operating principle) 
Application 
Localised injection of 
liquid metal droplets 
using syringe 
Electrowetting Micromirror [18] 
Electrochemical 
Deformation of 
droplets [19] 
Injection of liquid metal 
into the test channel 
Enhancement of liquid 
metal thermal 
conductivity by adding 
nanoparticles 
Convective cooling 
[20] 
Evaporation of gallium 
arsenide substrate 
Droplet-substrate 
interaction 
Formation and 
locomotion of 
droplets [21, 22] 
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Table 1.4 Examples of EGaIn based devices 
Patterning method 
Actuation mechanism 
(or operating principle) 
Application 
Localised injection of 
liquid metal droplets 
using syringe 
Electromagnetic Motor [23] 
Self-fuelled motion using 
aluminum flakes 
Locomotion [24] 
Injection of liquid 
metal into the test 
tube 
 
Radio frequency 
Flexible antenna [25]  
Resonator [26]  
Reconfigurable antenna 
[27, 28] 
Terahertz frequency 
Metamaterial resonator 
[29] 
Electrical potential Electrodes [30] 
Self-healing of the 
polymer encasing the 
liquid metal wire  
Self-healing wires [31] 
High thermal conductivity 
of liquid metal 
Convective cooling  
[6, 32] 
AC signal 
Micro coulter counter 
[33] 
Electrical resistance 
change 
Stretchable fibers [34] 
Electrical potential Valve [35] 
Printing Capacitance change 
Soft circuit [36] 
3D circuit [37] 
Microfluidic droplet 
generation 
 Not shown  
Continuous microscale 
droplet generation  
[38, 39] 
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Table 1.5 Examples of Galinstan based devices 
Patterning method 
Actuation mechanism 
(or operating principle) 
Application 
Localised injection of 
liquid metal droplets 
using syringe 
Radio frequency Resonator [40] 
Continuous 
electrowetting 
Pump [41] 
Mixer [42] 
Electrochemical using 
tungsten trioxide 
nanoparticles 
Locomotion [43] 
Photochemical using 
tungsten trioxide 
nanoparticles  
Locomotion [44] 
Electrochemical 
Heavy metal ion sensor 
[45] 
Filling channel with 
liquid metal 
Radio frequency 
Stretchable antenna  
[46, 47] 
Electrical resistance 
change 
Pressure sensor [48] 
Electrical potential  
Electroosmotic pump 
[49] 
Sonication 
Electrochemical using 
tungsten trioxide 
nanoparticles 
Heavy metal ion sensor 
[50] 
Dielectrophoresis to trap 
sonicated liquid metal 
micro droplets 
3D electrodes/heat sinks 
[51] 
Printing 
Electrical resistance 
change 
Stretchable electronics 
[52, 53] 
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1.3 Motivation of research 
In order to create liquid metal-based micro-devices, it is necessary to pattern 
liquid metal into desired configurations. A closer look at Tables 1.2 to 1.5 reveals 
that the majority of liquid metal enabled systems, reported in the literature, are 
patterned by four methods, including: (i) localised injection of liquid metal 
droplets into the desired locations of the substrate using syringe, (ii) injection of 
liquid metal into the test tube or channel using syringe or peristaltic pumps, (iii) 
sonication, and (iv) printing.  
Each of these methods has their own drawbacks. For example, the manual 
injection of liquid metal droplets by syringe is simple but the size of droplets is in 
millimeter scale [24, 41, 42, 45]. More importantly, this method does not provide 
precise control over the size and location of droplets, and thus is not suitable for 
producing large arrays of droplets.  
Injection of liquid metal into microfabricated channels, on the other hand, enables 
the quick and rather simple formation of reconfigurable devices [25, 27, 28] or 
highly controllable patterns for conducting electrical current [27, 31, 34] or 
dissipating heat [6, 9, 20]. However, this method is not suitable for producing an 
array of discrete liquid metal-based devices.  
Sonication of large liquid metal droplets enables the quick formation of micro and 
nano-scale droplets [50]. However, the size of droplets is not uniform, and thus 
this method is not suitable for formation of large arrays of mono-sized droplets.  
Printing enables the rapid formation of large arrays of liquid metal structures. 
However, stencil printing is limited to formation of thin planar structures [52]. 
Although direct printing enables the formation of 3D structures, the dimensions of 
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structures is limited by the resolution of the printer and is in the order of 500 µm 
partly due to the high surface tension of liquid metal [53].  
In comparison, microfluidic droplet generation [38, 39], enables continuous 
production of microscale objects, including liquid metal droplets, with the ability 
to precisely control the size and rate of droplets as well as the specifications of the 
surrounding carrier liquid, including its composition, velocity and temperature. 
The generation of microdroplets using flow-focusing systems has been 
demonstrated, and the physics underlying the interaction between the inertial and 
surface tension forces, which govern the formation of droplets, has been studied 
[38, 39]. The high surface tension of liquid metals, as presented in Table 1.1, 
implies the application of high viscosity liquids such as glycerol or silicone oil to 
pinch off liquid metal into discrete droplets [38, 39]. However, these studies are 
very fundamental, and further research needs to be undertaken to explore the 
potentials of microfluidic droplet generation systems for the formation of liquid 
metal enabled systems. 
The realisation of the future microelectromechanical systems (MEMS), which are 
composed of large arrays of liquid metal structures, requires further processing of 
the liquid metal droplets produced by microfluidic droplet generation systems. 
This includes but is not limited to the following processes:  
i. Transfer of produced droplets from the high-viscosity carrier liquid (such 
as glycerol) into the low-viscosity, oxide-suppressing secondary liquids 
such as NaOH or HCl;  
ii. Coating of produced droplets with desired nanomaterials, either before or 
after transfer into the secondary liquids, to modify their surface properties, 
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enabling different functionalities, including the locomotion of droplets 
[24]; 
iii. Trapping of produced droplets within microfabricated traps to enable their 
handling, integration into other MEMS systems, and actuation; 
iv. Actuation of trapped arrays by means of electrowetting [41, 42], 
electrochemical [43], electromagnetic [23], photochemical [44], or self-
fueled [24] mechanisms, as presented in Tables 1.2 to 1.5 to enable 
independently controllable microscale actuators and sensors. 
The motivation of this research is to create integrated microfluidic systems for the 
continuous generation of Galinstan microscale droplets in glycerol and transfer of 
produced droplets from glycerol into NaOH, which addresses the first process 
discussed above. It is preferable to transfer droplets hydrodynamically, as this 
eliminates the need for additional equipment, which in turn simplifies the 
fabrication and operational process. In order to accomplish this step, several 
research questions are needed to be addressed which can be summarised, as given 
below. 
Research question(s) 1: 
 Is it possible to transfer Galinstan droplets from glycerol into NaOH? 
 How does the transfer of droplets affect the stability of glycerol-NaOH 
interface? 
 To what extent the droplets will deform? 
 Does the deformation of droplets lead to their splitting?    
 Is the transfer of droplets continuous? 
 Is the transfer of droplets ordered and predictable? 
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 Will the transferred droplets return to the glycerol? 
Research question(s) 2: 
 Which forces are involved in the transfer of droplets? 
 Is it possible to transfer air bubbles using the same mechanism to ensure 
the droplet transfer is due to hydrodynamic forces rather than interfacial 
tension gradient driven forces as a control experiment?  
 Will the transfer of air bubbles lead to their splitting? 
 Is it possible to suppress the transfer of air bubbles? 
Research question(s) 3: 
  Is it possible to transfer Galinstan droplets from the glycerol core stream 
into the two parallel NaOH sheath streams in a sequential manner? 
 How does the transfer of droplets affect the stability of the core and sheath 
streams? 
 Is the transfer of droplets ordered and predictable? 
Research question (s) 4: 
 Is it possible to transfer the droplets into the desired sheath stream? 
 How long will it take to change the direction of droplet transfer? 
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1.4 Layout of thesis 
This research aims to explore the hydrodynamic transfer of microscale Galinstan 
liquid metal droplets across liquid-liquid interfaces. The outcomes of the research 
are presented in the following four chapters, as summarised below: 
Chapter 2 describes the different stages of the soft lithography method, used for 
the fabrication of the microfluidic chips. 
Chapter 3 presents the continuous generation of Galinstan droplets in high-
viscosity glycerol solution, and transferring of droplets from glycerol stream into 
the low-viscosity oxide-suppressing NaOH stream, within an integrated 
microfluidic system. A comprehensive set of experiments and numerical 
simulations are conducted to explore the influential forces involved in the lateral 
migration, and the ultimate transition of droplets across the glycerol-NaOH 
interface. The deformation of droplets and the induced disturbances along the 
glycerol-NaOH interface, caused by transition of droplets, are captured using 
high-speed imaging.   
Chapter 4 presents the dynamics of liquid metal droplets when transferring from 
glycerol core stream into two parallel NaOH sheath streams within a microfluidic 
flow focusing system. The existence of two glycerol-NaOH interfaces brings 
more flexibility into the dynamics of droplets presented in the previous chapter. A 
systematic set of experiments are conducted to explore the dynamics of droplets at 
different flow rates of the NaOH sheath stream. The system is further 
characterised to investigate the ordered transfer of droplets into the desired sheath 
flow.  
Chapter 5 presents concluding remarks and recommendations for future work. 
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CHAPTER 2 
Microfabrication of microfluidic chips 
 
2.1 Introduction 
This chapter presents the fabrication process of microfluidic chips using soft 
lithography techniques. Soft lithography is a technique that offers rapid 
prototyping of a desired design on a silicon wafer and replica molding of 
patterned microstructures on the master [1, 2]. Rapid prototyping requires a high-
resolution transparent mask to create positive microstructures on the silicon wafer 
and replica molding for casting liquid polymer of the fabricated positive 
microstructures on the master [3]. Polydimethylsiloxane (PDMS) polymer is 
generally used to make elastomeric stamps of transferable microstructures of the 
master. PDMS has remarkable properties that makes it attractive for microfluidic 
applications such as optical transparency, curable at low temperatures, adhesion to 
glass surfaces and lack of surface damage of masters, and bio-compatible [2]. 
Fabrication of microfluidics devices using soft lithography is faster, low cost and 
easier than etching glass or silicon for fabricating microfluidic devices.  
The fabrication process of microfluidic chips is described using schematic figures. 
Microfluidic chips are fabricated at the RMIT University’s Micro Nano Teaching 
Facility (MNTF), Melbourne. 
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2.2 Fabrication process of microfluidic chips 
Microfluidic chip is fabricated from PDMS using soft lithography techniques. 
Figure 2.1 shows the steps involved in the fabrication process: 
	  	  
	  
	  
Figure 2.1. Steps involved in the fabrication of microfluidic chips.  
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Step 1. Preparation of photolithographic mask: The photolithographic mask is 
drawn using AutoCAD software and printed onto a transparent film using a high-
resolution printer with a resolution of 2438 dpi (Figure 2.2). 
 
Figure 2.2. Photolithographic mask 
 
Step 2. Cleaning the wafer:  A 4 inch silicon wafer with a thickness of 500 µm is 
used as the substrate. The wafer is cleaned with AZ KWIK strip for 3 minutes to 
remove the residue on the wafer surface. The wafer is washed with acetone and 
isopropanol, and then dried with nitrogen gas (Figure 2.3). 
 
Figure 2.3. Cleaning silicon wafer 
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Step 3. Dehydration: In order to dry the wafer completely, the wafer is placed 
onto a hot plate at 150°C for 20 minutes following the cleaning process. 
Dehydration of wafer enables the better adhesion between the photoresist and the 
surface of the wafer by elimination of moisture from the wafer (Figure 2.4). 
 
Figure 2.4. Dehydration of silicon wafer. 
 
Step 4. Spin coating of SU8 photoresist: The silicon wafer is placed onto the 
vacuum chuck of Karl Suss, RC8 spin coater. 3 ml of SU8-3050 negative 
photoresist (Microchem) is dispersed in the center of silicon wafer. First, the spin 
coater is set to spin at a speed of 500 rpm with 100 rpm/s acceleration for  
15 seconds in order to spread the SU8 photoresist over the surface of the silicon 
wafer. Then, the wafer is spun at a speed of 1200 rpm with 300 rpm/s acceleration 
for 30 seconds to achieve 100 µμm thickness of SU8 photoresist on the wafer. 
There can be solvents and bubbles trapped in the photoresist film, and therefore 
spin coating process should be followed by soft baking of the spin coated wafer to 
obtain solvent-free and bubble free photoresist (Figure 2.5) [4]. 
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Figure 2.5. Spin coating of SU-8 photoresist: (a) Dispersed SU-8 in the center of 
the wafer, (b) Spin coated SU-8 photoresist. 
 
Step 5. Soft baking: The wafer is placed onto a hot plate at 95°C for 60 minutes 
to produce a good thermal and mechanical control with a uniform spreading of 
SU-8 photoresist on the wafer surface [2]. Soft baking process is necessary to 
evaporate the solvents and bubbles trapped in the photoresist (Figure 2.6). 
 
Figure 2.6. Soft baking process: (a) Evaporating bubbles and solvents, (b) 
Solvent and bubble free SU-8 coated silicon wafer. 
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Step 6. UV exposure: The wafer and the photolithographic mask are inserted into 
the Karl Suss, MJB-3 mask aligner. The wafer is exposed for 60 seconds under 
UV light at 7 mW/cm2 exposure dose. Exposed areas of SU-8 photoresist become 
crosslinked and unexposed areas can be washed away with SU-8 developer during 
development process (Figure 2.7). 
 
Figure 2.7. UV exposure of SU-8 coated silicon wafer. 
 
Step 7. Post exposure baking: The wafer is placed onto hot plate at 65°C for  
1 minute and then transferred to another hot plate with a temperature of 95°C for 
4 minutes for post exposure baking process. This process improves the adhesion 
between the exposed photoresist and the wafer surface by evaporating the solvents 
in the photoresist. This leads to polymerization of the exposed areas of the 
photoresist [2], which makes the microchannel pattern translucent (Figure 2.8).          
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Figure 2.8. Post exposure baking: (a) Start of post exposure baking process,  
(b) Microchannel pattern is polymerized and translucent.  
 
Step 8. Development: The wafer is put in a beaker filled with SU8 developer for  
5 minutes. After 5 minutes of development, the microchannel pattern is visible by 
washing away the unexposed photoresist on the wafer. The wafer is then washed 
with isopropanol and dried with nitrogen gas. The wafer is placed under a 
microscope to ensure there is no photoresist around the microchannel pattern and 
on the unexposed area of the wafer (Figure 2.9). 
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Figure 2.9.  Development process: (a) Washing away unexposed areas of SU-8, 
(b) Unexposed areas of SU-8 washed away.  
 
Step 9. Hard Baking: The wafer is placed onto a hot plate at 65°C for 5 minutes 
after which the hot plate is ramped up to 150°C within 2 minutes. The wafer is left 
for 30 minutes at 150°C. Hard baking process improves the adhesion between the 
microchannel pattern and the wafer. This process also prevents surface cracking 
of patterned photoresist on the wafer, enabling the microchannel pattern to be 
used several times following hard baking process (Figure 2.10).  
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Figure 2.10. Hard baking process of master 
 
Step 10. PDMS preparation: 30 grams of PDMS elastomer (SYLGARD 184, 
Dow Corning) base and 3 grams of curing agents are poured into a plastic cup 
(10:1 weight ratio) and mixed for 3 minutes. Mixing PDMS mixture creates 
bubbles, and hence the mixture should be degassed (Figure 2.11). 
 
Figure 2.11.  Preparation of PDMS mixture.  
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Step 11. Degassing of PDMS: The PDMS mixture with bubbles is placed into 
vacuum oven operating at 20 torr for 20 minutes to degas the bubbles existing 
within the PDMS mixture (Figure 2.12). 
 
Figure 2.12. Degassing of PDMS mixture.  
 
Step 12. Pouring PDMS onto the master and PDMS curing: Degassed PDMS 
mixture is poured onto the master to produce a 5 mm thick PDMS mold and 
placed in an oven set at 75°C for 2 hours to cure the PDMS (Figure 2.13). 
 
Figure 2.13. Pouring PDMS mixture onto the master.  
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Step 13. Peeling off PDMS from master: Cured PDMS is cut with a scalpel and 
peeled off from the master manually (Figure 2.14). 
 
Figure 2.14. Peeling off PDMS block from the master. 
 
Step 14. Drilling inlet and outlet ports: Inlet and outlet ports are manually 
punched with a 0.75 mm biopsy punch on the PDMS block to enable access holes 
required for microfluidic tubing (Figure 2.15). 
 
Figure 2.15. Drilling access holes for inlet and outlet ports. 
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Step 15. Plasma treatment of PDMS block and the glass substrate: The 
produced PDMS block and a 1 mm thick glass slide, which will be used as the 
substrate, are cleaned with isopropanol and dried with nitrogen gas. The cleaned 
PDMS block and glass slide are then placed in a Harrick plasma cleaner for  
5 minutes. This process removes any impurities and contaminants from the 
surfaces of the PDMS block and the glass slide. After plasma treatment, PDMS 
block is assembled onto the glass slide and post baked in an oven at 75ºC 
overnight for permanent bonding (Figure 2.16). After this process, the assembled 
microfluidic chip is inspected under an inverted microscope to ensure the quality 
of the microfabricated chip.  
 
Figure 2.16. Plasma treatment and assembly of microfluidic chip: (a) Plasma 
treatment of the PDMS block and glass slide, (b) assembly of microfluidic chip.  
 
32 
	  
2.3 References 
[1] G. M. Whitesides, E. Ostuni, S. Takayama, X. Jiang, and D. E. Ingber, 
"Soft Lithography In Biology And Biochemistry," Annual Review of 
Biomedical Engineering, vol. 3, pp. 335-373, 2001. 
[2] J. C. McDonald, D. C. Duffy, J. R. Anderson, D. T. Chiu, H. Wu, O. J. A. 
Schueller, et al., "Fabrication of microfluidic systems in 
poly(dimethylsiloxane)," Electrophoresis, vol. 21, pp. 27-40, 2000. 
[3] Y. Xia and G. M. Whitesides, "Soft Lithography," Angewandte Chemie 
International Edition, vol. 37, pp. 550-575, 1998. 
[4] . SU-8 3000 Permanent Epoxy Negative Photoresist. Available: 
http://www.microchem.com/pdf/SU-­‐8	  3000	  Data	  Sheet.pdf 
 
	   33 
CHAPTER 3 
Continuous transfer of liquid metal droplets across a fluid-fluid 
interface within an integrated microfluidic chip  
 
3.1 Introduction 
Liquid metals such as gallium based eutectic alloys GaIn (75% gallium, 25% 
indium) and Galinstan (68.5% gallium, 21.5% indium, 10% tin) [1] have received 
considerable research interest recently [2, 3]. Such liquid metals alloys have the 
properties of a metal, including high electrical and thermal conductivities, and 
high density, and at the same time have the fluidic properties of a liquid while 
possessing a high surface tension. Despite their high cohesion, they have 
surprisingly low viscosity and are highly deformable. The combination of metallic 
electronic properties and strong fluid interfacial tension can lead to dramatic 
electrochemical behaviour [4, 5]. Some of these features can be found in the 
elemental liquid metal mercury, but unlike mercury, low melting point eutectic 
alloys such as GaIn and Galinstan are nontoxic [1, 6]. Due to these remarkable 
properties, there has been a growing interest in using liquid metals in various 
applications such as soft electronics [2, 3], stretchable antennas [7, 8], energy 
harvesting [9] and reconfigurable devices [10].  
Several liquid metal enabled systems have been demonstrated for pumping [11] 
and efficient mixing of liquids [12], sensing of heavy metals [4] as well as 
locomotion of droplets by means of chemical [13], electrochemical [5, 14, 15] and 
photochemical [16] reactions. However, the liquid metal droplets used in these 
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works are manually injected onto the desired locations of the device, and therefore 
are in the millimetre ‘mesoscopic’ scale.  
Sonication of liquid metals is a proven mechanism to produce micro- and nano-
scale droplets of low melting point metals and alloys [17], and also nano-scale 
droplets of GaIn alloy in the presence of ligands [18]. Sonication has also been 
utilised for producing liquid metal/metal-oxide frameworks with enhanced 
electro-chemical and sensing properties [19]. However, the sonication technique 
provides limited control and the droplets produced span a vast range of size scales 
and are produced en-mass. While filtering of droplets could be employed, it is 
hard to imagine the use of sonication as a practical technique for the production of 
micro-scale droplets that would be required to miniaturise the previously 
demonstrated pumps [11] and mixers [12] such that could be included within 
integrated microfluidic devices.  
Techniques that can produce uniform liquid metal droplets on demand would be 
greatly preferred. Patterning arrays of liquid metal spheres has been demonstrated 
by spreading of metal onto a mold with an array of cylindrical reservoirs. The 
formation of a thin oxide skin over the surface of metal allows it to form a stable 
shape within the mold. Acid is then applied onto the mold to remove the oxide 
skin, enabling the metal to take a spherical shape. Despite simplicity, the smallest 
metal spheres produced by this method have a diameter of 100 µm, and are not 
uniform [20]. 
Microfluidic flow focusing devices have been widely used to produce mono 
dispersed and uniform micro scale droplets [21, 22]. These devices enable the 
continuous production of micro size liquid metal droplets with the control over 
the size of the droplets [23, 24]. Due to high surface tension of Galinstan, high 
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viscosity liquids such as glycerol are needed to pinch off the Galinstan into micro 
scale droplets [24]. The produced droplets remain sheathed in glycerol. However, 
in order to exploit their unique functionalities, the liquid metal droplets should be 
transferred into secondary liquids such as hydrochloric acid (HCl), NaOH, and 
sodium chloride (NaCl). A good example is the work of Thelen et al [24] who 
have demonstrated such transfer to HCl, through macroscale dilution of the 
glycerol outside the chip. Although the Galinstan droplets can be directly 
generated in NaOH, the NaOH has a low viscosity, and therefore its flow rate 
needs to be increased to enable pinching off the Galinstan droplets. On the other 
hand, in order to produce liquid metal droplets, the flow ratio of discreet phase to 
continuous phase should be in the range of 0.1 to 0.3 [23], which suggests that the 
flow rate of valuable Galinstan should be increased proportionally to NaOH to 
obtain liquid metal droplets. This is why it is preferable to generate the Galinstan 
droplets in a high-viscosity liquid such as glycerol.     
Future microfluidic devices may include numerous micro-pumps [11], mixers 
[12]  and other actuated components [5, 16] enabled by micron scale liquid metal 
droplets. However, it would be beneficial if these droplets could be created, with 
precise control, and then transferred to the required sheathing solution within the 
same monolithically integrated microfluidic system. 
In this chapter, the author presents a microfluidic chip that includes a flow-
focusing system for continuous generation of Galinstan droplets within a glycerol 
sheath, and a novel monolithically integrated microfluidic system for transferring 
these Galinstan droplets from the glycerol to the oxide suppressing NaOH 
solution. The hydrodynamic characteristics of transfer process are studied using a 
sequence of experiments with high-speed imaging and comparison is made 
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between the transfer of liquid metal and a reference where air bubbles are 
transferred. Computational fluid dynamics (CFD) simulations are conducted to 
explore the nature of the transfer. Simulations reveal a sharp velocity gradient 
between the core of the glycerol flow and the interface between the glycerol and 
the NaOH flows, which generates sufficient hydrodynamic lift force to draw the 
Galinstan droplets towards the interface, and the critical role that surface tension 
gradient plays to overcome the enormous shear stress at the interface to stably 
transfer the Galinstan droplets across the interface. A series of control 
experiments are conducted with air bubbles at various viscosity ratios of the two 
continuous phase liquids. Experiments reveal that the hydrodynamic lift force and 
the surface tension gradient force are both critical for the transitioning of bubbles 
across the interface depending on the viscosity ratio of the two neighbouring 
flows. 
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3.2 Materials and methods 
Figure 3.1 presents a diagram of the microfluidic chip, which consists of two 
main parts; (i) a droplet generator [23, 24]; and (ii) a droplet transfer system.  
 
 
 
Figure 3.1. A schematic of the microfluidic chip, used for continuous  generation 
and transfer of Galinstan liquid metal droplet, consisting of (1) Glycerol-water 
mixture inlet, (2) Galinstan inlet, (3) Upstream channel, (4) Flow focusing orifice, 
(5) NaOH inlet, (6) T-junction, (7) T-junction outlet channel, (8) Outlet. Inset (a) 
shows the interface of glycerol and NaOH in the absence of Galinstan droplets, 
inset (b) shows the marching of generated Galinstan droplets, and inset (c) shows 
the Galinstan droplets within the glycerol just before transfer to the NaOH. 
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The chip has three fluid inlets for glycerol (the continuous phase sheath for the 
Galinstan droplets); Galinstan liquid metal (the dispersed phase forming the 
droplets); and NaOH solution (the secondary continuous phase into which the 
Galinstan droplets will be transferred). The glycerol and Galinstan inlets have 
widths of 200 µm each while the orifice for the Galinstan has a width of 110 µm. 
The droplet generator outlet and NaOH inlet have a width of 300 µm while the T-
junction channel has a width of 600 µm and a length of 13 mm. The height of the 
microchip is 90 µm. 
Soft lithography techniques are used to fabricate the microfluidic chip from 
polydimethylsiloxane (PDMS). The PDMS block is then integrated onto a 1 mm 
thick glass slide, after being plasma treated using a Harrick plasma cleaner for 5 
minutes. The sealed microfluidic chip is post baked in an oven at 75ºC overnight 
for permanent bonding, as described in Chapter 2. 
Eutectic alloys of gallium form a thin oxide layer in ambient air, which results in 
their adhesion to the surface of glass and polymers especially PDMS [4]. 
Previously, it has been shown that a highly concentrated NaOH basic solution 
can remove this oxide layer and prevent further oxidation [25], and can also be 
utilised as a medium for electrochemical actuation of the liquid metal [5]. 
Therefore, NaOH solution is chosen as the secondary continuous phase, allowing 
the formed Galinstan droplets to be transported to further functional components 
downstream of the transfer system. The experiments indicate that NaOH with a 
pH value of 12.8 is needed to prevent the adhesion, as shown in Figure 3.2.  
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Figure 3.2.  Prevention of Galinstan adhesion to glass substrate: (a) Adhesion of 
Galinstan to glass substrate while water is introduced as the secondary 
continuous phase, (b) Adhesion of Galinstan to glass substrate while NaOH with 
a pH value of 12 is introduced as the secondary continuous phase, (c) No 
adhesion of Galinstan while NaOH with a pH value of 12.8 is introduced as the 
secondary continuous phase. 
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Although according to Pourbaix diagram, a pH above 10 should be sufficient to 
remove the oxide layer over the surface of Galinstan, and avoid the adhesion of 
droplets to the glass substrate, the experiments indicate that a pH below 12.8 
leads to the adhesion of droplets. It has been hypothesised that lowering the pH 
of NaOH elongates the removal process of the oxide layer, and facilitates the 
adhesion of droplets. The pH is measured using a dual channel pH meter 
(Accumet XL60). 
The values of interfacial tension across the Galinstan-glycerol and Galinstan-
NaOH interfaces are obtained using Pendant drop shape analysis, as described 
later. An optical contact angle measurement instrument (OCA20, DataPhysics 
Instruments GmbH, Germany) interfaced with CSA20 software to analyse the 
images (DataPhysics Instruments GmbH, Germany), as shown in Figure 3.3.  
 
 
Figure 3.3. Experimental setup for interfacial tension measurements with 
goniometer. 
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Pendant drop shape analysis is used to determine the interfacial tensions with 
Galinstan droplets ranging in volume from 15 to 20 µl, as shown in Figure 3.4. 
 
 
Figure 3.4. Snapshots of Galinstan pendant drop in glycerol (left) and NaOH 
(right). 
 
Pendant drop shape analysis is a method for measuring interfacial tension between 
two fluids. This method requires a clean needle or tube for a drop of fluid, which 
hangs from this needle/tube in related fluid. The shape of the drop is a result of a 
balance between gravitational force and surface tension, from which the 
interfacial tension of drop-medium is calculated from Equation (3.1) [26]: 
𝛾𝛾 = (△ 𝜌𝜌  𝑔𝑔  𝐷𝐷)/𝐻𝐻       (3.1) 
where D is equatorial diameter, d is the distance D from the bottom of the drop, as 
shown in Figure 3.5, △ 𝜌𝜌 is difference in fluid density, g is gravity, H is shape 
dependent parameter and depends of the value of “S=d/D” is the shape factor. 
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Figure 3.5. Snapshots of Galinstan pendant drop in glycerol (left) and NaOH 
(right) with equatorial diameter D and diameter d. 
 
1/H can be calculated from equation (3.2): 

 =   

 + 𝐵𝐵𝑆𝑆
− 𝐵𝐵𝑆𝑆  +  𝐵𝐵𝑆𝑆  −  𝐵𝐵  (3.2) 
where Bi (i=0, 1, 2, 3, 4) and a are empirical constants, as given in Table 3.1. 
 
Table 3.1. Values of Bi and a used in Pendant drop shape analysis [26] 
 
Range 
of S A B4 B3 B2 B1 B0 
0.401 to 
0.46 2.56651 0.32720 0 0.97553 0.84059 0.18069 
0.46 to 
0.59 2.59725 0.31968 0 0.46898 0.50059 0.13261 
0.59 to 
0.68 2.62435 0.31522 0 0.11714 0.15756 0.05285 
0.68 to 
0.90 2.64267 0.31345 0 0.09155 0.14701 0.05877 
0.90 to 
1.00 2.84636 0.30715 −0.69116 −1.08315 −0.18341 0.20970 
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Using Pendant drop shape analysis, the interfacial tension of Galinstan-glycerol 
and Galinstan-NaOH are calculated as 537±13 mN/m and 480±12 mN/m, 
respectively. 
The presence of a thin oxide layer around the Galinstan affects the interfacial 
tension measurements in glycerol. However, this is empirically similar to the 
experimental conditions prevalent in the microfluidic chip, where the Galinstan 
droplets generated in the ‘droplet generator’ are surrounded by glycerol and the 
surface of droplets is oxidised before entering the NaOH flow. 
The surface tensions of diluted glycerol (with a volumetric ratio of 9:1) and 
NaOH with a pH of 12.8 are obtained as 63.75±0.05 mN/m and 74.3±0.1 mN/m, 
respectively at a temperature of 22.5 ºC using SITA online t60 tensiometer, as 
shown in Figure 3.6. 
 
Figure 3.6. Experimental setup for measuring the surface tension of NaOH with 
tensiometer. 
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The experimental setup includes an inverted microscope (Nikon Eclipse Ti) 
equipped with a high-speed camera (Phantom Miro M310, 1000 fps) for 
visualising the fluid dynamics, two syringe pumps (Harvard 2000, Harvard 
PicoPlus) to introduce the liquid metal, glycerol and NaOH solution, and an 
integrated microfluidic chip. 
To activate the droplet generator, two plastic syringes with volumes of 5 and 1 ml 
are filled with glycerol and Galinstan, respectively, and inserted into the Harvard 
2000 syringe pump. The syringes are connected to glycerol and Galinstan inlets 
(locations 1 and 2 in Figure 3.1) of the microfluidic chip via 1/16 inch Tygon 
silicone tube. The syringe pump is infused at a flow rate of 25 µl/min to inject 
glycerol and Galinstan at a ratio of 5:1 (Qglycerol  = 25 µl/min, QGalinstan = 5 µl/min). 
To activate the transfer section of the chip, a 20 ml plastic syringe is filled with 
NaOH solution and inserted onto the Harvard PicoPlus syringe pump, which is 
connected to NaOH inlet of the microchip chip (location 5 in Figure 3.1) via a 
1/16 inch Tygon silicone tube. The PicoPlus syringe pump is infused at a flow 
rate of 500 µl/min (QNaOH = 500 µl/min). The outlet of the microfluidic chip 
(location 8 in Figure 3.1) is connected to a storage beaker for collection of the 
fluids via a 1/16 inch Tygon silicone tube. 
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3.3 Results and Discussions 
Following the activation of the syringe pumps, the glycerol and NaOH reach the 
microfluidic chip rapidly (~2 minutes) while it takes a longer time for the 
Galinstan to reach the chip (~30 minutes) due to the slow flow rate on this syringe 
and the need to build up a sufficient pressure differential to inject the residual air 
in the line into the glycerol.  Thus, for the initial period, there is a steady state 
confluence of glycerol and NaOH, followed by production of a stream of air 
bubbles within the glycerol. Once the air is exhausted, a steady stream of liquid 
metal droplets is produced. 
 
3.3.1 Steady state confluence of glycerol and NaOH 
On initiation of the system, the glycerol and NaOH intersect at the T-junction part 
of the microfluidic chip (Figure 3.1, inset a), and flow side by side without mixing 
towards the outlet of the chip. Glycerol is diluted with water at a volume ratio of 
9:1 (glycerol:water). The diluted glycerol is 160 times more viscous than NaOH 
(µglycerol  = 0.208 Pa.s, µNaOH  = 0.0013 Pa.s). The flow rate ratio between NaOH 
and glycerol is set to 20:1 to ensure a stable flow of NaOH is provided through the 
T-junction outlet channel. In this case, the NaOH flow fills about 25% of the 
channel width, as shown in Figure 3.1a. 
From Figure 3.1a it is clear that there is a dark line between the glycerol and 
NaOH flows. In fact, since both fluids are transparent, this dark line should be 
produced by reflection/refraction of the incident illumination from the refractive 
index jump between the two fluids (nglycerol =1.4716, nNaOH =1.3576). It is 
anticipated that since glycerol and NaOH are miscible, that the interface will be 
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gradual. For these reasons, it cannot be interpreted the dark line as the location of 
the interface between these two fluids, or if indeed there is a distinct interface 
between the two fluids at all. However, for simplicity it is approximated the centre 
of this dark line as the transition point between the two fluids. Under this 
approximation, the width of NaOH flow (wNaOH) reaches ~160 µm while the 
width of glycerol flow (wglycerol) reaches ~440 µm, as shown in Figure 3.1a. 
CFD simulations are used to analyse the hydrodynamics of this system. The 
differential equations governing the balance of mass, momentum and transport of 
species, as given below are solved: 
 
 
 
 
 
in which 
→
U , P are the velocity and pressure of the liquid, C is the concentration 
of different liquids (glycerol and NaOH for my case), while ρ, µ, and D are the 
density, dynamic viscosity, and mass diffusivity between the two neighbouring 
liquids, respectively. The boundary conditions include the desired flow rates at the 
inlets, ambient pressure at the outlet, and no-slip at the walls. The simulations are 
conducted in 3D. 
To ensure that the flows are fully developed, the analysis is performed of the 
fluids 5 mm downstream of the T-junction (location 7 in Figure 3.1) under these 
steady state conditions and compared them to the experimental observations. 
Figure 3.7 presents a) the mass fraction of glycerol and NaOH, b) the velocity 
profile, c) the velocity gradient, and d) the shear stress across the cross-section of 
this channel.  
0=⋅∇
→
U  (3.3) 
→→→
∇+−∇=∇⋅ UPUU 2)( µρ  (3.4) 
CDCU 2)( ∇=∇⋅
→
 (3.5) 
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From Figure 3.7a, it can be seen that the interface between the glycerol and 
NaOH is indeed gradual with a region spanning about 20 µm required to transition 
from pure glycerol to pure NaOH. The predicted width of the NaOH flow (from 
sidewall to 50% mass fraction of glycerol:NaOH) is ~145 µm. This is slightly 
lower than the apparent width of 160 µm obtained observed experimentally, 
however is within the bounds of my approximations.  
From Figure 3.7b, it can be seen that the velocity of the NaOH is significantly 
higher than the glycerol peaking at ~1.57 m/s (compared to 0.037 m/s in the 
glycerol). The form of the velocity profile for the NaOH is approximately 
parabolic, but is not symmetric with the peak being slightly closer to the glycerol 
flow than the static sidewall. The Reynolds number of NaOH flow can be 
calculated from the peak velocity and the viscosity as Re =ρUDhydraulic /µ = 55. 
This low Reynolds number indicates laminar flow, even though the velocity of the 
NaOH is relatively high. The inset of Figure 3.7b presents a magnified view in 
the glycerol region. Here it can be seen that the glycerol flow is not parabolic at 
all, instead following an S-shaped profile with a maximum velocity of 0.032 m/s 
at the interface, indicating that the velocity profile of the glycerol is entirely 
dominated by the high velocity of NaOH flow.  
The velocity gradient (∂U/∂y) is presented in Figure 3.7c, and shows a steep V-
shaped profile across the NaOH flow, reaching maximum of ~58,500 1/s at the 
channel sidewall and a similar number at the inference between the NaOH and 
glycerol. Such a V-shaped profile is typical of a parabolic flow as is often seen in 
single flows within channels. The inset of Figure 3.7c shows the velocity gradient 
of glycerol follows a U-shaped profile with a maximum of 800 1/s at the interface 
but is almost flat and zero across most of the glycerol flow. The strong velocity 
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gradient across the glycerol generates sufficient hydrodynamic lift force to draw 
the suspended objects towards the interface of glycerol-NaOH flows, very similar 
to the case of small particles being drawn towards the centreline of a straight 
channel following the gradient of increasing velocity, as studied by Saffman [27].  
The lateral shear stress (µ∂U/∂y) is presented in Figure 3.7d and reaches a 
maximum of 191 Pa close to the interface of NaOH-glycerol. The shear stress is 
highest at the interface between the two fluids even though the velocity gradient is 
slightly lower than at the channel wall because the viscosity of the NaOH/glycerol 
mixture at the interface is significantly higher than pure NaOH on the other side 
of the flow. This extreme shear stress at the interface between the two fluids 
should lead to interesting hydrodynamic behaviour. The inset of Figure 3.7d 
shows a magnified view of the shear stress in the glycerol region. Like Figure 
3.7c, the shear stress exhibits a flat-bottomed U-shape low, but consistently 
positive stress across much of the flow. This indicates that objects within this 
region of the flow would experience a weak force drawing them slowly towards 
the glycerol/NaOH interface.  
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Figure 3.7. The results of CFD simulations predicting the hydrodynamic 
behaviour for the initial conditions of steady state confluent flow glycerol and 
NaOH over the channel cross-section 5 mm downstream of the T-junction: (a) 
mass fraction, (b) velocity profile, (c) magnitude of lateral velocity gradient 
(∂U/∂y), (d) magnitude of shear stress.  
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3.3.2 Generation of air bubbles in glycerol and transfer across the 
glycerol-NaOH boundary 
Approximately 15 minutes after initiating the syringe pumps, the pressure in the 
Galinstan line (Figure 3.1, Location 2) is sufficient to inject Galinstan into the 
glycerol flow (Figure 3.1, Location 4). Before the Galinstan reaches the droplet 
generator there is a slug of air that must be displaced.   
The air enters the chip through the orifice and forms a stream of air bubbles 
suspended in the glycerol continuous phase. The air bubbles are drawn through 
the chip from the droplet generator, to the T-junction and into the confluence of 
the glycerol and the NaOH, as shown in Figure 3.8a. 
The air bubbles are drawn through the chip from the droplet generator, to the T-
junction and into the confluence of the glycerol and the NaOH, as shown in 
Figure 3.8a.  
The tension at air-glycerol interface is 63 mN/m enabling the capillary number to 
be calculated as Ca air bubbles= µglycerol Uglycerol / γair-glycerol =0.05. The diameter of air 
bubbles should be inversely proportional to Capillary number [22], and is found to 
be in the range of 110 to 130 µm. The distance between the air bubbles in the 
confluence region is around 170 µm, which is only slightly larger than the air 
bubble diameter. In the glycerol channel, before the T-junction, the air bubbles are 
found in the centre of the flow, where the velocity is greatest and the velocity 
gradient is zero.    
After the T-junction, at the confluence between the glycerol and the NaOH, the air 
bubbles slowly migrate from the centre of the glycerol flow to the interface 
between the glycerol and the NaOH driven by the very small, but slightly positive 
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velocity gradient across the glycerol flow region (Figure 3.7c). They reach the 
interface around 7 mm downstream of the T-junction (Figure 3.8a,), and then 
abruptly accelerate and cross the interface into the NaOH flow (Figure 3.8b-d). 
Both the air bubbles and the interface are deformed significantly, as the transition 
occurs. The air bubbles then settle into a location in the NaOH flow 
approximately corresponding to the maximum in velocity, and the minimum in 
shear stress (Figure 3.7b, d), and the interface returns to a simple laminar 
confluence and the bubbles retain their spherical shape (Figure 3.8 e). 
Figure 3.8g presents the approximate centre location of the air bubbles as a 
function of time as the bubbles transition across the confluence. The bubbles 
begin travelling within the glycerol at 0.33 mm/s. Then it can be seen that the air 
bubble trajectory accelerates towards the interface, crosses the interface with 
significant velocity. After crossing the interface, the bubbles continue into the 
NaOH flow, passing the centre of the NaOH flow and continue towards the NaOH 
sidewall before abruptly changing direction and moving back towards the centre 
of the NaOH flow reaching a steady velocity of 12 mm/s. This almost oscillatory 
behaviour of the bubble location after crossing the interface shows some 
significantly nonlinear fluid dynamics are present with very strong interactions 
between the air bubble and the interface through which it is transitioning. This 
nonlinear behaviour is also reflected in the fact that there is some uncertainty in 
the exact location along the channel at which the bubble will cross the transition. 
Indeed, it is possible for some bubbles to cross the transition earlier than those 
further downstream.   
Figure 3.8h presents the major and minor diameters of a particular air bubble as it 
transitions across the interface. It can be seen that the bubble dimensions oscillate 
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somewhat on approaching the interface and then abruptly undergoes significant 
deformation as it crosses the interface, with the major axis extending and the 
minor axis contracting to achieve an aspect ratio of almost 2:1. The bubble rapidly 
obtains is spherical dimensions again once it has crossed the interface   
When the air bubbles are generated (Figure 3.1, Location 1), they are surrounded 
by a single continuous high viscosity medium flowing with a simple parabolic 
velocity profile. The bubbles reside in the centre of the channel where the velocity 
gradient is minimum. After the T-junction, the hydrodynamic situation becomes 
more complex. As shown in Figure 3.7a, the velocity is continuously increasing 
from the glycerol sidewall to the interface at the confluence between the glycerol 
and the NaOH. This creates sufficient lift force, which pushes the air bubbles 
towards this interface following the velocity gradient, but the increased shear 
stress at this interface represents an energy barrier, as the bubbles would need to 
deform in order to cross the barrier, causing an increase in surface tension. To 
further complicate matters, since the fluid media grades from pure glycerol to 
pure NaOH, since these two fluids have different inherent surface tensions, the 
surface tension grades across this interface also. To understand the hydrodynamic 
behaviour, further analysis is required. Comparison to the behaviour of Galinstan 
droplets with different properties may provide additional insight.  
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Figure 3.8. Lateral migration of air bubbles captured by high-speed imaging: (a) 
Air bubble approaches the interface of glycerol and NaOH, (b-c) Air bubble 
moves along the interface of glycerol and NaOH, (d) Air bubble is deformed 
while crossing the interface, (e-f) Air bubble is transferred from glycerol to NaOH 
flow, (g) Lateral location of air bubble centre point with respect to time, (h) 
variation of air bubble major and minor diameters with respect to time. The 
results are obtained by setting the flow rate of glycerol to 25 µl/min and the flow 
rate of NaOH to 500 µl/min. 
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3.3.3 Generation of Galinstan droplets and transfer across the 
glycerol-NaOH interface 
Once the air slug at the Galinstan inlet is exhausted, the Galinstan itself enters the 
droplet generator (Figure 3.1b), and is injected into the glycerol (continuous 
phase) to be pinched off into a continuous sequence of uniform droplets at the 
outlet of the orifice. The tension at Galinstan-glycerol interface is obtained as 
537±13 mN/m, as described in the materials and methods, enabling the capillary 
number to be calculated as 0.00623, as shown in Figure 3.9. 
 
 
Figure 3.9. Microfluidic flow focusing chip design with important parameters in 
order to calculate Capillary number.  
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The more accurate value of Capillary number (Ca) in a flow focusing device can 
be calculated as follows [22]: 
Ca = 
              
       
  [   −   

 
] (3.6) 
where µglycerol is the viscosity of glycerol, Qglycerol is the flow rate of glycerol, γ is 
the interfacial tension of glycerol and Galinstan, h is the height of the 
microchannel, 2a is the width of Galinstan inlet (WGalinstan) channel, WGlycerol 
(Wc)is the width of glycerol inlet channel, Worifice is the width of flow focusing 
orifice, and WGalinstan  is the width of Galinstan channel. 
Under the applied conditions, the size of Galinstan droplets varies from 230 to 
240 µm, and the distance between the droplets upstream of the T-junction is 
~715 µm. In this simple flow, the Galinstan drops reside in the centre of the flow. 
The Galinstan droplets are carried by the glycerol to the T-junction where the 
glycerol and NaOH confluence begins. The glycerol flow broadens slightly at this 
confluence, and thus the flow rate drops slightly and the gap between the droplets 
reduces to ~180 µm, which is significantly less than the diameter of the Galinstan 
droplets (Figure 3.10a). As the droplets enter the flow, they migrate from the 
centre of the glycerol flow towards the glycerol-NaOH interface (Figure 3.10a-b) 
following the gradient of increasing velocity towards this interface. 
The Galinstan droplets cross the interface ~2.8 mm downstream of the T-junction, 
which is significantly earlier than the air bubbles. As Galinstan droplets cross the 
interface, they are deformed (Figure 3.10c-d) under the significant shear stress 
existing at the interface, as predicted in Figure 3.7d. However, after transferring 
into the NaOH solution, the Galinstan droplets recover their spherical shape 
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almost immediately (Figure 3.10e-f). The glycerol-NaOH interface is 
significantly perturbed by the migrating droplets, making a peak at the front of the 
droplet and leaving a trough behind (Figure 3.10d). 
Figure 3.10g shows the lateral location of Galinstan droplets centre point with 
respect to time. According to this graph, the droplets move steadily towards the 
interface at an approximately constant lateral velocity of 0.3 mm/s, and then 
suddenly accelerate to 7.6 mm/s as the perimeter of the droplet intersects with the 
interface of glycerol-NaOH flows, before stopping abruptly as the centre of the 
NaOH flow is reached.  
Figure 3.10h shows the variation of Galinstan droplets major and minor 
diameters with respect to time. This graph reveals that the droplet retains an 
approximately spherical shape until it crosses the boundary. At the boundary 
crossing, the aspect ratio of droplets is around 4:3 and almost immediately returns 
to its spherical shape on entering the NaOH flow. 
Comparing the results of Figure 3.8 and Figure 3.10, it can be seen that the 
Galinstan droplets of Figure 3.10 transition across the boundary at a location just 
downstream of the T-intersection, and they very quickly resume their spherical 
form and equilibrium positions once transferred to the NaOH flow. This 
behaviour appears to be very regular and should be quite predictable.  Conversely, 
the air bubbles of Figure 3.8 remain in the glycerol long after the confluence and 
then transition erratically across the boundary. The air bubbles also deviate 
significantly from their equilibrium location and spherical form throughout the 
transition and there is significant uncertainty in the transition behaviour that can 
be expected.   
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It is very encouraging that the transition of the Galinstan droplets is well behaved, 
suggesting that this is a promising technique for generating regular sequences of 
liquid metal droplets. However, the fact that it is possible for this system to 
become unstable when operated with air suggests that it will be valuable to 
analyse the hydrodynamics of these two situations to discover which parameters 
are important for stable transfer.  
In the experimental observations of Sections 3.3.2 and 3.3.3, it was not surprising 
that in the confluence regions, the air bubbles and Galinstan droplets drifted along 
the increasing velocity gradient toward the interface. It was somewhat surprising 
that the air bubbles and Galinstan droplets were drawn across the interface, even 
undergoing significant deformation during this process. As shown in Figure 3.7d, 
the shear stress at the boundary of the two fluids is very high and thus this should 
represent a high-energy barrier for the droplet transport.  Indeed, the fact that the 
air bubble and Galinstan droplet are significantly deformed on crossing the barrier 
indicates that they are well out of their equilibrium conditions incurring 
significant additional surface tension energy via this deformation. So the question 
is: why is it energetically favourable for the air bubbles and Galinstan droplets to 
undergo the transition through the interface?  
To attempt to answer this question, consider the surface tension of Galinstan 
droplet in glycerol vs Galinstan droplet in NaOH. For the case of the Galinstan 
droplet, the surface tension is greater in the glycerol (537 mN/m) than the NaOH 
(480 mN/m) due to the significant cohesion of glycerol compared to NaOH. Note 
also that glycerol and NaOH are in fact miscible and thus the concentration of 
glycerol drops gradually from one side of the interface to the other. It has been 
shown that in the presence of a surface tension gradient, there is a strong force 
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pulling the liquid along a surface in the direction of increasing surface tension 
[12, 28].  In this case, the force pulls the liquid along the surface of the Galinstan 
droplet towards the glycerol side, and this in turn pushes the Galinstan droplet 
towards the NaOH side.  
Alternatively, for the case of air bubbles, the surface tension is less in the glycerol 
(63 mN/m) than the NaOH (74 mN/m). Surprisingly, the hydrodynamic lift force 
is strong enough to push the air bubbles across the glycerol-NaOH interface 
whilst overcoming surface tension gradient forces acting against the droplet 
transition. 
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Figure 3.10. Lateral migration of Galinstan droplets, obtained by high-speed 
camera: (a) Galinstan droplet approaches the interface of glycerol and NaOH, (b) 
Galinstan droplet reaches the interface of glycerol and NaOH, (c-d) Galinstan 
droplet is deformed while crossing the interface, (e-f) Galinstan droplet is 
transferred into NaOH flow, (g) Lateral location of Galinstan droplet centre point 
with respect to time, (h) Variations of droplet major and minor diameters with 
respect to time. The results are obtained by setting the flow rate of glycerol to 25 
µl/min and the flow rate of NaOH to 500 µl/min. 
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3.3.4 CFD analysis of droplet transfer across the glycerol-NaOH 
interface 
CFD simulations are performed using the open source OpenFOAM flow solver. 
Multiphase and incompressible flows with contact angle effects are considered for 
modelling the interaction between Galinstan, air and glycerol. To model the 
interaction between NaOH and glycerol a mixing model is used considering a 
diffusion coefficient of 10−10 m2/s. The inlet boundary conditions are similar to the 
ones used experimentally (Galinstan=5 µl/min, Glycerol=25 µl/min, NaOH=500 
µl/min). The boundary condition at the walls was considered as no slip. 
Figure 3.11a presents the predicted movement of the Galinstan droplet in the 
absence of an interfacial tension gradient (k = 1).  In this case, the droplets 
migrate towards the interface, but do not cross it. Instead, the presence of the 
droplet perturbs the interface and mixes the glycerol and NaOH, creating a more 
gently graded transition (indicated as the green region in  
Figure 3.11a. The velocity gradient and shear stress in this intermixed interface 
would be far more gradual than that shown in Figure 3.7, and so the droplet can 
reside there. 
Figure 3.11b presents the predicted movement of the Galinstan in the presence of 
an interfacial tension gradient. In this case, k = 0.89 is chosen, which corresponds 
to experimentally measure values which is previously described in materials and 
methods. In this case, the droplets migrate towards the glycerol-NaOH interface 
and cross it. Comparing the simulation results of Figure 3.11b and the observed 
experimental behaviour in Figure 3.10, it can be seen that the simulation provides 
a surprisingly accurate prediction of the transfer behaviour. 
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Figure 3.11. The results of multiphase CFD simulations, predicting the behaviour 
of Galinstan droplets at different ratios of interfacial tension of Galinstan in 
NaOH and glycerol, defined as k = γ -­‐  γ -­‐ : (a) droplets 
do not cross the interface when k = 1, (b) droplets cross the interface when k = 
0.89.  
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3.3.5 Control experiments to analyse the impact of surface tension 
driven force 
To further investigate the role of surface tension gradient in the lateral migration, 
two control experiments are conducted by (i) generating air bubbles in ethanol 
and studying their lateral migration towards NaOH, and (ii) generating air bubbles 
in NaOH and studying their lateral migration towards ethanol. These two liquids 
are chosen as they have almost similar viscosities (µNaOH = 0.0013 Pa.s, µethanol = 
0.0012 Pa.s) but significantly different surface tensions (γNaOH = 74 mN/m, γethanol 
= 22 mN/m). 
CFD simulations are conducted to calculate the velocity gradient and shear stress 
across the channel, as shown in Figure 3.12. Simulations reveal that the 
maximum velocity along the ethanol flow is slightly higher than that of the NaOH 
flow due to its slightly lower viscosity (Figure 3.12b). The velocity gradient 
follows a typical U-shaped profile with the maximum high gradient close to 
sidewalls, which diminishes along the centreline of the channel (Figure 3.12c). 
The shear stress profile is similar to that of velocity gradient with the maximum 
shear stress induced close to sidewalls (Figure 3.12d). Simulations reveal that 
unlike the case of glycerol-NaOH flows that a strong velocity gradient as well as 
shear stress existed at the interface of the two flows, for the case of ethanol-NaOH 
these two variables are negligible at the interface. It implies a negligible 
hydrodynamic lift force at the interface, which means that the lateral surface 
tension driven force will be the dominant driving force for the lateral transitioning 
of air bubbles. 
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Figure 3.12. The results of CFD simulations predicting the hydrodynamic 
behaviour for the initial conditions of steady state confluent flow of ethanol and 
NaOH over the channel cross-section 5 mm downstream of the T-junction: (a) 
mass fraction, (b) velocity profile, (c) magnitude of lateral velocity gradient 
(∂U/∂y), (d) magnitude of shear stress. The flow rates of both ethanol and NaOH 
are set to 250 µl/min. 
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In the first control experiment, ethanol is introduced to the microchip via the 
location 1 in Figure 3.1 as the primary continuous phase while NaOH is 
introduced via the location 5 in Figure 3.1 as the secondary continuous phase. 
The flow rate ratio of ethanol to NaOH is set to 1:1 (QNaOH  = Qethanol = 250 
µl/min). After approximately 15 minutes, the air slug enters the chip through the 
orifice and air bubbles are generated in the ethanol continuous phase. The air 
bubbles are carried by ethanol from droplet generator to T-junction into the 
confluence of the ethanol and the NaOH, as shown in Figure 3.13a. The diameter 
of air bubbles is ~220 µm and the distance between them is ~420 µm in the 
confluence region. The air bubbles continue in the ethanol flow towards the outlet 
of the microfluidic chip without crossing the interface of ethanol and NaOH 
flows.  
The movement of the bubbles along the outlet of the T-junction creates secondary 
flows within the channel, which in turn enhance the mixing between the ethanol 
and NaOH flows. At some stage, the mixing region is wide enough such that the 
NaOH can get close to the bubble. This means that the air bubble is exposed to 
ethanol on one side and to NaOH on the other side. The surface tension of ethanol 
is much lower than that of NaOH. This surface tension gradient generates a force, 
which pulls the ethanol along the surface of the bubble towards the interface of 
ethanol and NaOH flows. This force will in turn push the bubble towards the 
sidewall of ethanol flow, and therefore the transitioning of air bubbles from 
ethanol to NaOH does not occur. 
In the second control experiment, NaOH is introduced to the microchip via the 
location 1 in Figure 3.1 as the primary continuous phase while ethanol is 
introduced via the location 5 in Figure 3.1 as the secondary continuous phase.  
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The flow rate ratio of NaOH to ethanol is set to 1:1, as before. Following the 
generation of air bubbles in NaOH, the bubbles are carried by NaOH from droplet 
generator to T-junction into the confluence of the NaOH and the ethanol, as 
shown in Figure 3.13b. The diameter of the air bubbles is ~150 µm and the 
distance between them is ~850 µm in the confluence region. The air bubbles 
generated in NaOH are almost 30% smaller than those of generated in ethanol. 
This is because the Capillary number for air bubbles in NaOH is 0.0028 compared 
to 0.0087 for air bubbles in ethanol, and the diameter of bubbles is inversely 
proportional to Capillary number. After the T-junction, the air bubbles continue to 
move along the centre of NaOH flow until reaching ~7.8 mm downstream of the 
T-junction, at which they cross the interface of NaOH and ethanol flows.  
Similar to the previous case, the mixing across the interface expands the mixing 
region between the NaOH and ethanol flows, and enables the ethanol to get close 
to the bubble. The presence of ethanol and NaOH along the two sides of the 
bubble leads to a surface tension gradient induced force over the surface of the 
bubble, which pulls the ethanol towards the interface of ethanol and NaOH flows. 
In the absence of lift and shear forces at the centre of the channel, as shown in 
Figures 3.12c-d, this force pushes the bubble towards the ethanol flow, and leads 
to transition of the bubble from NaOH to ethanol. 
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Figure 3.13. Observation of air bubbles generated in NaOH and ethanol: (a) Air 
bubbles generated in ethanol enter the T-junction outlet channel, and are pushed 
towards the sidewall under the surface tension gradient induced force, (b) Air 
bubbles generated in NaOH enter the T-junction outlet channel, and are pushed 
towards the interface of NaOH and ethanol flows, enabling their transition into 
ethanol flow. 
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3.4 Summary 
In this chapter, an integrated microfluidic system demonstrated and analysed that 
continuously generates Galinstan droplets in glycerol, and then transfers them into 
low viscosity NaOH solution. It has been shown that if a stream of Galinstan 
droplets, suspended in a highly viscous glycerol as a continuous phase, is 
interfaced to a low viscosity, basic solution of NaOH, then the Galinstan droplets 
will transition across the interface from the glycerol continuous phase into the 
NaOH flow.  
Experiments and computational fluid dynamics analyses reveal that both the 
hydrodynamic lift force (originated from the different viscosities of interfacing 
flows) and the surface tension gradient force (originated from different 
interfacial tension between the suspended objects and the neighbouring liquids) 
are able to transit the suspended objects across the fluid-fluid interface, as 
summarised below: 
 For the case of Galinstan droplets in glycerol-NaOH flows (Figure 3.10), 
both hydrodynamic lift and surface tension gradient forces are in favour of 
transitioning Galinstan droplets from glycerol to NaOH flow. 
 For the case of air bubbles in glycerol-NaOH (Figure 3.8), although the 
surface tension gradient force is opposing the transition from glycerol to 
NaOH flow, the hydrodynamic lift force is sufficient (due to high viscosity 
ratio of glycerol to NaOH) to overcome the surface tension gradient force 
and enable transitioning of air bubbles. 
 For the case of air bubbles in ethanol-NaOH (Figure 3.13), hydrodynamic lift 
force is negligible (due to very small viscosity ratio of NaOH to ethanol) and 
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surface tension gradient force is able to transit the air bubbles from NaOH to 
ethanol. 
Additional experimentation is suggested to characterise the transition 
phenomenon using different sizes of Galinstan droplets ad air bubbles. This 
insight will assist future investigations exploring the minimum size of Galinstan 
droplets that could be generated and transferred using such a system.  
The demonstrated integrated system offers unique advantages including simple 
fabrication and operating procedure. Moreover, it provides the capability to 
produce uniformly sized micron scale droplets of liquid metal, with the potential 
to change the diameter of the droplets on demand. This microfluidic chip can be 
readily integrated into other microfluidic platforms to enable patterning of 
generated liquid metal droplets under mechanical, hydrodynamic, electrical, 
electrochemical, photochemical or optical forces. This enables highly complex, 
yet practical liquid metal enabled actuators in the areas of MEMS, microfluidics 
and soft electronics, to realise a variety of future dynamically reconfigurable 
micro devices. 
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CHAPTER 4 
Active control of microscale liquid metal droplets within a  
flow focusing microfluidic system 
 
4.1 Introduction 
Gallium based eutectic liquid metals such as GaIn [1] (75% gallium, 25% indium) 
and Galinstan [2] (68.5% gallium, 21.5% indium, 10% tin) possess the properties 
of both liquid and metal. As a liquid, these alloys have a low viscosity, a high 
surface tension, and are highly deformable; and as a metal they have high 
electrical and thermal conductivities [1, 2]. More importantly, these liquid metals 
are less toxic than mercury, and can be used safely. Due to these remarkable 
properties, these liquid metals have been used in diverse applications such as 
MEMS [3], soft electronics [4, 5], energy harvesting [6] and reconfigurable 
devices [7], as comprehensively reviewed in [8]. 
There is a growing interest in integration of gallium based liquid metals into 
microfluidics. Microfluidics enables generation of precisely sized micro scale 
droplets, and innovative ways for sorting and patterning of droplets, which cannot 
be achieved using conventional manual techniques. In addition, taking advantage 
of the laminar characteristics of microfluidics, the environmental conditions can 
be controlled with precision, which is very challenging for macro scale systems. 
This includes precise control over the ionic concentration and pH of the buffer or 
the concentration of suspended nanoparticles, which could modify the surface 
properties of droplets, and in turn their overall response. This enables creation of 
highly integrated micro scale actuators (e.g. pumps [9], mixers [10], electrodes 
[11, 12], heat sinks [12, 13], motors [14]) and sensors (e.g. for sensing pressure 
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[15], heavy metals [16]), which can be patterned and functionalised without the 
need for complicated microfabrication or operational processes. 
Continuous production of micro scale liquid metal droplets has been demonstrated 
in microfluidics [17, 18]. The size of the droplets is tunable and predictable with 
certain channel geometry, as viscous forces dominate over surface tension forces. 
Liquid metal has a high surface tension, which makes it challenging to produce 
liquid metal droplets. In order to produce micro scale liquid metal droplets, high 
viscosity liquids such as glycerol are needed to pinch off the droplets [18]. The 
produced liquid metal droplets are surrounded with highly viscous liquids, which 
might limit the actuation of droplets by means of continuous electrowetting [9], 
electrochemical [19-21], photochemical [22] and self-propulsion [14] 
mechanisms, in which non-neutral liquids such as NaOH or H2O2 are required to 
facilitate the desired reactions at the surface of droplets. In order to make liquid 
metal enabled systems, continuously produced micro scale droplets should be 
transferred to desired secondary liquids, selectively sorted, immobilised, and 
energised to realise liquid metal based actuators and sensors. 
The author has shown the continuous transfer of micro scale Galinstan droplets 
from glycerol (high viscosity liquid) to oxide suppressing NaOH (low viscosity 
liquid) solution in Chapter 3 [23]. Due to the different properties of glycerol and 
NaOH, hydrodynamic lift and surface tension gradient forces act in favour of 
transferring of Galinstan droplets across the glycerol-NaOH interface, with the 
hydrodynamic lift force driving the droplets towards the interface, and surface 
tension gradient force enabling them to cross the interface. It would be beneficial 
if the transferred Galinstan droplets could be actively selected and manipulated. 
The manipulation of suspended objects in microfluidics has been demonstrated 
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using different mechanisms, utilising electrical [24], magnetic [25], acoustic [26], 
and optical [27] forces.	   However, complementary components are required to 
generate such forces and interface them with the objects, which can complicate 
the operational procedure, and in some cases can cause unwanted bubbles and 
overheating of the buffer. In contrast, manipulation of suspended objects by 
means of hydrodynamic forces [28, 29] does not need complementary 
components, and the same experimental setup, which are used for driving the 
objects through the microfluidic channels (e.g. syringe pumps and tubes), can be 
used for manipulation. 
In this chapter, the author demonstrates the transition of Galinstan droplets from 
the glycerol core stream into two parallel NaOH sheath streams, provided by a 
microfluidic flow focusing system. A series of experiments, using high-speed 
imaging, is conducted to investigate the dynamics of droplets. Experiments reveal 
that the shape of the glycerol core stream plays a critical role in determining the 
transition regime of droplets, according to which the transition of droplets can be 
disordered (with droplets transit at random locations and might merge), semi-
ordered or ordered (with droplets transit harmonically into the two sheath stream). 
Any flow mismatch between the two sides of the core stream makes the droplets 
transit into the quicker sheath stream. This characteristic is employed to direct the 
droplets towards the desired sheath stream. The dynamics of droplets while 
switching from one sheath stream to another is analysed, and the response time of 
the system is studied. 
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4.2 Materials and Methods 
The experimental setup comprises an inverted microscope (Nikon Eclipse Ti) 
equipped with a high-speed camera (Phantom Miro M310, 1000 fps) to capture 
the dynamics of liquid metal droplets, two syringe pumps (Harvard 2000, Harvard 
PicoPlus) to provide the desired flow rates through the system, and an integrated 
microfluidic chip to generate and transfer of liquid metal droplets, as explained 
below. 
Figure 4.1 illustrates the plan view of the microfluidic chip, which consists of two 
main components: (i) a droplet generator, and (ii) a flow focusing system. The 
droplet generator consists of the primary continuous phase inlet channels with a 
width of 200 µm that are perfused from inlet 1, the Galinstan inlet channel with a 
width of 200 µm that is perfused from inlet 2, the orifice with a width and length 
of 100 and 100 µm, respectively, and the outlet channel with a width of 300 µm. 
The flow focusing system consists of the secondary and tertiary continuous phase 
inlet channels with a width of 300 µm patterned with an angle of 30 degrees on 
both sides of the droplet generator outlet channel, which are infused from inlets 5 
and 6, and the flow focusing channel with a width of 700 µm. The length of the 
flow focusing channel is 30 mm to enable tracking of Galinstan droplets long after 
being transited into the sheath flow, with square blocks patterned along the 
channel every 1 mm to measure the distance. The height of the microchip is 100 
µm. 
Soft lithography techniques are used to fabricate the microfluidic chip from 
polydimethylsiloxane (PDMS). The PDMS block is integrated onto a 1 mm thick 
glass slide, and plasma treated using a Harrick plasma cleaner for 5 minutes. The 
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sealed microfluidic chip is post baked in an oven at 75°C overnight for permanent 
bonding, as presented in Chapter 2. 
 
 
Figure 4.1. The plan view of the microfluidic chip consisting of (1) primary 
continuous phase inlet, (2) Galinstan inlet, (3) droplet generator, (4) secondary 
continuous phase inlet, (5) tertiary continuous phase inlet, (6) flow focusing 
system, and (7) outlet. 
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4.3 Results and Discussion 
4.3.1 Investigating the transition of Galinstan droplets in the 
presence of single liquid-liquid interface 
Firstly, the transition of Galinstan droplets from the highly viscous glycerol flow 
into the low viscous NaOH flow in the presence of a single liquid-liquid interface 
is investigated. Glycerol is diluted with water at a volume ratio of 10:2.9 
(glycerol:water) to provide a viscosity ratio of 40 across the core-sheath interface 
(µglycerol  = 0.052 Pa.s, µNaOH= 0.0013 Pa.s). Galinstan droplets are generated by 
applying Galinstan through the Galinstan inlet channel at 5 µl/min while applying 
glycerol through the primary continuous phase channel at 25 µl/min. To provide a 
single liquid-liquid interface along the flow focusing channel, glycerol is applied 
through the secondary continuous phase at 12.5 µl/min while NaOH is applied 
through the tertiary continuous phase channel at 450 µl/min (Figure 4.2a). Under 
these conditions, the Galinstan droplets with a diameter of ~180 µm are carried by 
glycerol to the flow focusing channel where the glycerol and NaOH confluence 
begins. At the entrance of flow focusing channel, NaOH flow has a width of ~190 
µm while glycerol fills the rest of the channel (Figure 4.2b). 
The dynamics of Galinstan droplets is monitored using high-speed imaging, with 
the snapshot images given in Figure 4.2. As Galinstan droplets enter the flow 
focusing channel, they slow down and the distance between the consequent 
droplets reduces to ~215 µm (Figure 4.2b).  
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Figure 4.2. Transition of Galinstan droplets from glycerol into NaOH when 
operating in a single liquid-liquid interface mode: (a) The results are obtained by 
applying glycerol to the primary and secondary continuous phase inlets at 25 
µl/min and 12.5 µl/min, respectively, while applying NaOH to the tertiary 
continuous phase inlet at 450 µl/min. The following images present the dynamics 
of Galinstan droplets and the neighbouring flows captured by high-speed imaging, 
(b) Galinstan droplets enter the flow focusing channel and slow down, (c) 
Galinstan droplets approach the glycerol-NaOH interface, (d) Galinstan droplets 
cross the interface, making a wave in front of droplets while leaving a trough 
behind them, (e-f) Galinstan droplets move within the NaOH flow and disturb the 
glycerol-NaOH interface, (g) Galinstan droplets continue to move within the 
NaOH flow while the induced disturbances are dissipated along the interface 
before the next droplet cross the interface.  
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The droplets move towards the glycerol-NaOH interface under the influence of 
hydrodynamic lift and surface tension gradient forces, as comprehensively 
investigated in author’s recent work [23] (Figure 4.2c). The droplets eventually 
cross the interface at ~300 µm off the entrance of the flow focusing channel 
(Figure 4.2d). The transition of droplets into the NaOH flow creates a peak in 
front of droplets while leaves a trough behind them, which is quickly filled with 
NaOH (Figure 4.2d). The motion of droplets within the NaOH flow causes a 
significant disturbance along the interface (Figure 4.2e-f). The induced 
disturbances are propagated along the interface before the next droplet crosses the 
interface (Figure 4.2g).  
Similar dynamic behavior can be observed at the NaOH flow rates of 300 and 750 
µl/min, as presented in Figure 4.3 and Figure 4.4. 
 
Figure 4.3. The results are obtained by applying glycerol to the primary and 
secondary continuous phase inlets at 25 µl/min and 12.5 µl/min, respectively, 
while applying NaOH to the tertiary continuous phase inlet at 300 µl/min. 
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Figure 4.4. The results are obtained by applying glycerol to the primary and 
secondary continuous phase inlets at 25 µl/min and 12.5 µl/min, respectively, 
while applying NaOH to the tertiary continuous phase inlet at 750 µl/min. 
 
4.3.2 Investigating the transition of Galinstan droplets in the 
presence of two liquid-liquid interfaces 
4.3.2.1 Disordered transition of droplets 
Next, the transition of Galinstan droplets along a microfluidic channel with two 
liquid-liquid interfaces is investigated. Galinstan droplets are generated under the 
same conditions described in Figure 4.2, while NaOH is applied through the 
secondary and tertiary continuous phase channels at 200 µl/min through each 
channel (Figure 4.5a).  
The dynamics of Galinstan droplets is monitored using high-speed imaging, with 
snapshot images given in Figure 4.5. Under these conditions, the glycerol core 
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flow has a width of ~490 µm while NaOH sheath flows have a width of ~105 µm 
each on both sides of the core flow (Figure 4.5b). 
Entering the flow focusing channel, the Galinstan droplets slow down (Figure 
4.5b), and start to migrate towards one of the glycerol-NaOH interfaces formed on 
either sides of the core flow (Figure 4.5c). The droplets slide along the interface 
and eventually cross it (Figure 4.5d). The crossing of droplets creates a trough 
behind them, which is quickly filled by NaOH. The NaOH penetrates deeper into 
the glycerol core flow (Figure 4.5e). However, unlike the case of single liquid-
liquid interface in which the disturbance caused by the trough was dissipated 
along the interface, and the core flow was able to maintain its continuity, in this 
case the expansion of trough leads to pinching off the core flow (Figure 4.5f). 
The pinched off glycerol slug forms a thin thread along the middle of the flow 
focusing channel that varies its configuration due to interaction with Galinstan 
droplets (Figure 4.5g). The transferred droplets move close to the sidewall 
(Figure 4.5f) before returning to the middle of the channel where they surf along 
the thin stream of glycerol (Figure 4.5g). The motion of droplets is disordered 
with the droplets repeatedly enter and leave the glycerol stream and the 
consequent droplets likely to merge (Figure 4.5h-i). 
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Figure 4.5. Disordered transition of liquid metal droplets from glycerol core flow 
into the NaOH sheath flow: (a) The results are obtained by applying glycerol into 
the primary continuous phase inlet at 25 µl/min, while applying NaOH into the 
secondary and tertiary continuous phase inlets at 200 µl/min. The dynamics of 
Galinstan droplets and the core-sheath flows, as captured by high-speed imaging, 
(b) the Galinstan droplets specified with black arrow enters the core glycerol flow 
and slows down, (c) the droplet starts lateral movement towards the sheath flow, 
(d) the droplet crosses the interface, leaving a trough behind which is quickly 
filled with NaOH, (e) the droplet moves within the NaOH flow while NaOH 
penetrates deeper into the glycerol core flow, (f) the glycerol core flow is pinched 
off by NaOH, (g) the pinched off glycerol slug forms a thin thread along the 
middle of the channel while the transferred droplet bounces back from the 
sidewall and surfs along the newly formed stream of glycerol, and (h-i) the 
transferred droplets might enter and leave the stream of glycerol flow, and might 
merge with each other. 
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4.3.2.2 Semi-ordered transition of droplets 
The transition of Galinstan droplets presented in Figure 4.5 is disordered. This 
disordered phenomenon may be attributed to the large width of the core flow, 
which facilitates multiple droplets to cross the core-sheath interface at a time. To 
examine this hypothesis, the flow rate of NaOH flow is increased to 400 µl/min 
while maintain the other conditions the same as before (Figure 4.6a). 
The dynamics of Galinstan droplets is monitored using high-speed imaging, with 
the snapshot images given in Figure 4.6. The glycerol core flow has a width of 
~300µm, following the width of the outlet channel of the droplet generation 
section. The incoming Galinstan droplets move in an orderly sequence along the 
middle of the core flow (Figure 4.6b). The droplets slow down, and at the same 
time move towards one of the glycerol-NaOH interfaces. However, the process of 
lateral migration of droplets is not fully ordered, and in some cases, a droplet is 
able to reach the interface before the leading droplet (Figure 4.6c with the fast-
track droplet shown with a filled arrow, and the leading droplet shown with a non-
filled arrow). The transition of such a fast-track droplet is associated with creating 
a trough within the glycerol core flow and pinching off the core flow (Figures 
4.6d-e). The transited droplet moves along the sidewall and pushes a large slug of 
glycerol with itself (Figures 4.6e-f). The formerly leading droplet, which still 
moves within the core flow, is encapsulated by the pinched off glycerol slug 
(Figures 4.6e-g). The encapsulated droplet eventually crosses the interface of the 
core-sheath interface, which is associated with the pinching off the core flow 
(Figures 4.6h-i).  
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Figure 4.6. Semi-ordered transition of liquid metal droplets from glycerol core 
flow into NaOH sheath flow: (a) The results are obtained by applying glycerol 
into the primary continuous phase inlet at 25 µl/min, while applying NaOH into 
the secondary and tertiary continuous phase inlets at 400 µl/min. The dynamics of 
Galinstan droplets and the core-sheath flows, as captured by high-speed imaging, 
(b) the droplet specified with filled arrow enters the core flow and slows down, (c) 
the droplet moves towards the sheath flow faster than the leading droplet specified 
with non-filled arrow, (d) the droplet crosses the interface, (e) the disturbance 
caused by the crossing of the droplet pinches off the core flow, (f) the crossed 
droplet moves within the NaOH flow, (g) the pinched off glycerol encapsulates 
the formerly leading droplet, and (h-i) the formerly leading droplet crosses the 
interface, and pinches off the core flow. 
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The pinched off core flow forms a thin thread of glycerol along the middle of the 
flow focusing channel. This experiment confirms the hypothesis that increasing 
the flow rate of NaOH sheath flows can lead to the ordered transfer of droplets. 
 
4.3.2.3 Ordered transition of droplets 
The transition of Galinstan droplets presented in Figure 4.6 is semi-ordered. To 
examine whether the transition of droplets can become ordered, the flow rate of 
NaOH is increased to 500 µl/min (Figure 4.7a) while maintain the other 
conditions the same as Figure 4.6. 
The dynamics of Galinstan droplets is monitored using high-speed imaging, with 
snapshot images given in Figure 4.7. The width of glycerol core flow is ~300 µm 
which is similar to that of Figure 4.6. However, the length of the glycerol core 
reduces to 1000-1300 µm before narrowing down to a thin stream, which is 
significantly shorter than that of Figure 4.7. 
The Galinstan droplets cross the core-sheath flow interface ~150 µm off the inlet 
of the flow focusing channel (Figure 4.7b). The transition of droplets leads to 
pinching off the core glycerol flow (Figure 4.7c). The core flow is narrowed 
down to a thin thread at the middle of the flow focusing channel (Figure 4.7c-d). 
The pinched off glycerol is pushed by the transited droplet within the NaOH flow, 
and eventually merges with the narrowed thread of glycerol (Figure 4.7c-d). The 
transited Galinstan droplet moves towards the sidewall (Figure 4.7d) before 
returning to the middle of the channel (Figure 4.7e), and surfing along the thin 
stream of glycerol (Figure 4.7f). 
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Figure 4.7. Ordered transition of liquid metal droplets from glycerol core flow 
into NaOH sheath flow: (a) The results are obtained by applying glycerol into the 
primary continuous phase inlet at 25 µl/min, while applying NaOH into the 
secondary and tertiary continuous phase inlets at 500 µl/min. The dynamics of 
Galinstan droplets and core-sheath flows, as captured by high-speed imaging, (b) 
the droplet specified with black arrow approaches the interface of glycerol-NaOH, 
(c) the droplet crosses the interface following which the glycerol core flow is 
pinched off by NaOH, (d) the droplet moves within the NaOH sheath flow and 
gets closer to the lower sidewall while the pinched off glycerol merges with the 
core flow, (e) the droplet moves towards the interface, and (f) the droplet moves 
along the interface, and (b´-f´) the next droplet goes through the same dynamic 
cycle but moves towards the upper sidewall.  
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Under ideal conditions, the next Galinstan droplet within the glycerol core flow 
moves towards the opposite glycerol-NaOH interface, and undergoes the same 
dynamic cycle (Figure 4.7b´-f´). However, in most cases, the two sheath flows 
are not quite symmetric, and the droplets are transited towards one of the 
interfaces.  
A similar response is observed at the higher flow rates of NaOH flow, as 
presented in Figure 4.8.  
 
 
Figure 4.8. Ordered transition of liquid metal droplets from glycerol core flow 
into NaOH sheath flow with the flow rate of NaOH sheath flow ranging from 500 
to 1500 µl/min. 
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4.3.2.4 Comparison of disordered, semi-ordered, and ordered 
transfer regimes 
Experimental results suggest that the transferring regime of liquid metal droplets 
strongly depends on the flow rate of NaOH sheath flows. At low flow rates of 
sheath flow (QNaOH < 275 µl/min) the transfer of droplets is disordered (Figure 
4.5), at intermediate flow rates of sheath flow (300 µl/min < QNaOH < 425 µl/min) 
the transfer of droplets is semi-ordered (Figure 4.6), and finally at high flow rates 
of sheath flow (QNaOH > 450 µl/min) the transfer of droplets is ordered (Figure 4.7 
and 4.8). To further understand the hydrodynamics underlying the transfer of 
droplets, the variations of velocity and velocity gradient across the width of the 
flow focusing channel are calculated. The simulations are conducted using 
ANSYS Fluent (ANSYS Inc., USA), as described in Chapter 3. 
The calculated velocity profiles indicate the formation of two velocity maxima 
across the two NaOH sheath flows along with a velocity minimum across the 
glycerol core flow (Figure 4.9a). Increasing the flow rate of NaOH leads to 
increasing the magnitude of velocities across the entire profile, and 
simultaneously narrows down the width of the glycerol core flow. The axial 
motion of droplets along the core flow is governed by the hydrodynamic drag 
force imposed by surrounding glycerol, which considering the low Reynolds 
number of droplets within the core flow (Re Droplet ~0.06), can be estimated using 
Stokes equation, given as   𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =   3  𝜋𝜋  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  µμ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔   𝑈𝑈𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  –   𝑈𝑈𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 , in 
which D is the diameter and U is the average velocity. 
The significant changes of flow velocity across the core and sheath flows leads to 
formation of sharp velocity gradients at the interface of glycerol-NaOH flows 
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(Figure 4.9b). The lateral motion of droplets along the core flow is governed by 
the hydrodynamic lift force, which is calculated as 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =   1.6    𝐷𝐷      𝜌𝜌 .     µμ .    𝑈𝑈    –   𝑈𝑈    𝜕𝜕𝑈𝑈  𝜕𝜕𝜕𝜕, as 
described by Saffman [30]. 
Apart from the hydrodynamic drag and lift forces, the motion of droplets is also 
determined by the axial and lateral motions of upstream droplets. To further 
understand this complex behaviour, the variations of the axial velocity and 
trajectory of four consequent droplets from each transferring regime is monitored 
and obtained from high-speed imaging. It should be noted that the plots are 
limited to the motion of droplets along the glycerol core flow before crossing the 
glycerol-NaOH interface. The plots of droplet axial velocity indicate three 
velocity regimes, including (i) the deceleration of droplets after entering the flow 
focusing channel sharp drop of velocity, which in turn leads to closing the gap 
between the consequent droplets, (ii) the rather steady motion of droplets along 
the core flow, and (iii) the acceleration of droplets before transferring into the 
sheath flows (Figure 4.9c). The plots of droplet trajectory indicate that for the 
disordered regime, the transfer of droplets from glycerol to NaOH occurs within 
the range of ~690 to 1170 µm away from the entrance of the flow focusing 
channel (Figure 4.9d). Surprisingly, for the semi-ordered regime, the transfer of 
droplets is delayed and only occurs within the range of ~1330 to 1730 µm. In 
contrast, for the ordered regime, the transfer of droplets is advanced and occurs 
within the range of ~630 to 690 µm, as presented in the inset of Figure 4.9d. 
Using this information, the dynamics of droplets within the disorder, semi-ordered 
and ordered transfer regimes, can be explained as follows. During the disordered 
transfer regime, the velocity of droplets reduces to ~4 mm/s along the glycerol 
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core (Figure 4.9c), which in turn reduces the gap between the consequent 
droplets. This induces an additional pressure drop along the core flow, which 
makes it more favourable for droplets to move towards the glycerol-NaOH 
interface rather than moving along the core flow (Figure 4.5b-e). Getting closer 
to the interface, the droplets experience a stronger lift force, which accelerates 
their lateral motion.  
In contrast, during the semi-ordered transfer regime, the velocity of droplets 
reduces to ~9 mm/s along the glycerol core (Figure 4.9c), which in turn facilitates 
the progress of droplets along the core flow. Experiments indicate that the 
majority of droplets (more than 80%) to transit into NaOH flow in an ordered 
manner. However, the stability of the extended glycerol core, which carries 3-4 
droplets, strongly depends on the motion of droplets. The deceleration of the 
leading droplet reduces the gap between the two leading droplets. This imposes an 
additional pressure drop along the core flow, which makes it more favourable for 
the second droplet to move towards the glycerol-NaOH interface before the 
leading droplet (Figure 4.6b-e). This in turn delays the transfer of the leading 
droplet, and extends the glycerol core.  
Finally, during the ordered transfer regime, the reduced width of the glycerol core 
along with the increased lift force (Figure 4.9b) makes it more favourable for 
droplets to move towards the glycerol-NaOH interface rather than moving along 
the core (Figure 4.7b).   
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Figure 4.9. Comparing the dynamics of droplets in different disordered, semi-
ordered and ordered regimes: (a) Variations of velocity profile obtained by 
numerical simulations, (b) Variations of velocity gradient (∂U/∂y) obtained by 
numerical simulations, (c) Variations of droplet axial velocity along the glycerol 
core before transferring into NaOH sheath flow for four consequent droplets 
obtained by high-speed imaging, and (d) Droplet trajectory along the glycerol 
core for four consequent droplets obtained by high-speed imaging. 
	   92 
4.3.3 Hydrodynamic directional change of droplets 
A series of experiments are conducted to investigate if the direction of transiting 
Galinstan droplets can be controlled hydrodynamically. In doing so, the flow rates 
of glycerol and NaOH applied into the primary and secondary continuous phase 
inlets are set to 25 and 750 µl/min, respectively, while the flow rate of NaOH 
applied into the tertiary continuous phase inlet is varied (Figure 4.10a-a´).  
Experiments indicate that a minimum flow rate difference of ~125 µl/min is 
required between the two sheath streams to control the direction of transiting 
droplets. For example, by setting the flow rate of NaOH through the tertiary 
continuous phase inlet to 600 µl/min the droplets are transited into the lower 
sheath flow, which has a higher flow rate of 750 µl/min (Figures 4.10a-c). In 
contrast, by setting the flow rate of NaOH through the tertiary continuous phase 
inlet to 900 µl/min, the droplets are transited into the upper sheath flow (Figures 
4.10a´-c´).  
Figure 4.10d-d´ presents the variations of flow velocity and velocity gradient 
across the width of the flow focusing channel. Considering a flow rate difference 
of 150 µl/min between the two sheath flows, the velocity profiles are not 
symmetric. Accordingly, the magnitudes of the two velocity peaks are slightly 
different, and the position of velocity peak is dislocated towards the slower sheath 
flow. Likewise, the magnitudes of the two velocity gradient maxima are slightly 
different. Under these conditions, the droplets are favorably drawn towards the 
interface with higher velocity gradient, which is in line with my experimental 
results.  
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The hydrodynamic control of droplet direction has several advantages compared 
to other manipulation mechanisms such as dielectrophoresis [24], 
magnetophoresis [31] and acoustophoresis [32], which are commonly used in 
microfluidic systems, as no additional equipment is needed, and the same syringe 
pumps, which are used to generate the droplets can be used to control the direction 
of transiting droplets. 
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Figure 4.10. Controlling the direction of transiting droplets by varying the flow 
rate of the two sheath flows. The flow rates of glycerol and NaOH applied into the 
primary and secondary continuous phase inlets are set to 25 and 750 µl/min, 
respectively: (a-c) By reducing the flow rate of NaOH through the tertiary 
continuous phase inlet to 600 µl/min, the droplets are transited into the lower 
sheath flow, (a´-c´) In contrast, by increasing the flow rate of NaOH through the 
tertiary continuous phase inlet to 900 µl/min, the droplets are transited into the 
upper sheath flow, (d-d´) The variations of velocity and velocity gradient (∂U/∂y) 
across the width of the flow focusing channel obtained by numerical simulations. 
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To further investigate the dynamics of droplets during transfer from one sheath 
stream to another, the trajectory of droplets is studied. In doing so, the images are 
stacked, obtained by high-speed camera, utilizing layering in Adobe Photoshop 
CS6 (Adobe, USA). ‘Darken’ setting is used for all images, in which the darkest 
pixel of any image would supersede any other layer in the image stack. The flow 
rate of NaOH sheath flows are initially set to 750 µl/min following which the flow 
difference between the sheath flows is set to 150 µl/min, to produce sufficient 
hydrodynamic lift force to switch the particles from the lower to upper sheath 
flow and vice versa to be consistent with Figure 4.9. 
The dynamics of Galinstan droplets for the case of accelerating the flow rate of 
the upper sheath flow from 600 to 900 µl/min is monitored, with the snapshot 
images presented in Figures 4.11a-e. The snapshot images reveal a ~3.3 seconds 
interim period before the direction of droplets changes (Figures 4.11b-c). The 
unsteadiness of the flow during the interim period, might slightly delay the 
transition of a few droplets from the glycerol to NaOH, as evidenced by the minor 
difference between the trajectories of droplets presented in Figures 4.11b-c. After 
this interim period, the droplets are transferred to the upper sheath flow. The 
change of direction, might affect the trajectory of the first few droplets within the 
upper sheath flow, as evidenced by the minor difference between the trajectories 
of droplets presented in Figures 4.11d-e, after which the system will reach steady 
state conditions. 
In contrast, the dynamics of Galinstan droplets for the case of decelerating the 
flow rate of the upper sheath flow from 900 to 600 µl/min is monitored with the 
snapshot images presented in Figures 4.11a´-e´. The snapshot images indicate a 
~8.8 second interim period before direction change occurs (Figures 4.11b´-c´). 
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Interestingly, even during the interim period, although the droplets are released in 
the upper sheath flow, they cross the glycerol core flow and enter the lower sheath 
flow after ~6.5 seconds (Figure 4.11c´). After the interim period, the droplets are 
transferred to the lower sheath flow (Figure 4.11d´). The change of direction 
might influence the trajectory of the first few droplets within the lower sheath 
flow, as evidenced by the slight difference between the trajectories of droplets 
presented in Figures 4.11d´-e´. It should be noted that the response time of 
droplets can potentially be reduced by using pressure pump instead of a syringe 
pump. 
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Figure 4.11. Transferring of droplets from one sheath flow to another by varying 
the relative rates of the sheath flows: (a-e) Present the stacked trajectory of 
droplets when the flow rate of the upper sheath flow is accelerated from 600 to 
900 µl/min, indicating an interim period of ~3.3 seconds before the direction of 
droplets change, (a´-e´) Present the stacked trajectory of droplets when the flow 
rate of the upper sheath flow is decelerated from 900 to 600 µl/min, indicating an 
interim period of ~8.8 seconds before the direction change occurs. The dashed 
yellow lines represent the centerline of the flow focusing channel. 
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4.4 Summary 
The author has demonstrated a microfluidic chip comprised of droplet generation 
and flow focusing systems for the continuous generation of Galinstan droplets in 
glycerol, and has shown the controlled transfer of these droplets into two parallel 
sheath streams of NaOH. This microfluidic system has double glycerol-NaOH 
interfaces, which makes it very different from the previously analysed system 
with a single interface [23]. Firstly, unlike the single-interface system, in which 
the transition of droplets does not disturb the continuity of the glycerol flow, the 
transition of droplets in a double-interface system leads to pinching off the 
glycerol flow. Secondly, unlike the single-interface system, in which the transition 
of droplets is quite ordered and predictable, the dynamics of droplets in a double-
interface system depends on the shape of the glycerol core (which in turn depend 
on the flow rate of the NaOH), and can become disordered, semi-ordered or 
ordered. 
During the ordered transition, any mismatch between the flow rates of the two 
NaOH streams makes the droplets to transit into the stream with higher flow rate. 
Exploiting this effect, direction of droplet transition can be hydrodynamically 
controlled in an active manner. Experiments indicate that a minimum flow rate 
mismatch of 150 µl/min is required between the two sheath streams to constantly 
change the direction of droplets. Dynamics of droplets are investigated by 
accelerating and decelerating one of the sheath streams. 
This platform offers continuous and selective transfer of micro scale Galinstan 
droplets into NaOH stream hydrodynamically and is simple to fabricate and 
operate. This microfluidic system can be integrated into other microfluidic 
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platforms to enable liquid metal droplet based systems for a variety of 
applications in microfluidics, MEMS, soft electronics and reconfigurable devices. 
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CHAPTER 5 
Conclusions and future work 
 
5.1 Concluding remarks 
The author’s vision for her PhD research involved continuous generation of 
micro-scale Galinstan liquid metal droplets using microfluidic-based droplet 
generating systems, followed by the hydrodynamic transfer of produced droplets 
into low-viscosity, oxide-suppressing liquids such as NaOH. The scientific 
contributions of the author are summarised in this chapter. 
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5.1.1 Contribution 1 
As the first contribution, the author investigated the continuous generation and 
transfer of Galinstan liquid metal droplets across liquid-liquid interfaces using a 
microfluidic chip consisting of “droplet generation” and “droplet transfer” 
compartments. Several experiments were conducted using high-speed imaging 
to explore the dynamic response of droplets. The results were presented in 
Chapters 3 and 4, which are summarised as below, with the experimental results 
summarised in Figure 5.1: 
 The high surface tension of Galinstan necessitated the use of high-
viscosity liquids such as glycerol to pinch off the droplets. As a result, 
the droplets were generated in glycerol within the ‘droplet generation’ 
component.  
 The produced droplets were transferred into the low-viscosity oxide-
suppressing NaOH solution within the ‘droplet transfer’ component.  
 Experiments using high-speed imaging indicated the transition of liquid 
metal droplets from glycerol into NaOH under the combined effect of 
hydrodynamic lift force (due to different viscosities of glycerol and 
NaOH) and surface tension gradient force (due to different interfacial 
tensions between the droplet and the liquids). 
 The transition of droplets was ordered and predictable but led to 
enormous deformation of droplets, and significant disturbances along 
the glycerol-NaOH interfaces.  
 Similar transition behaviours were observed using both T-shaped and 
flow focusing channels.  
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Figure 5.1. Continuous transfer of Galinstan liquid metal droplets from the high-
viscosity glycerol flow into the low-viscosity NaOH flow under the combined 
effect of hydrodynamic lift and surface tension driven forces: (a-e) present the 
lateral transfer of droplets within a T-shaped channel, with the flow rates given in 
the schematics, (a´-e´) present the lateral transfer of droplets within a flow 
focusing channel, with the flow rates given in the schematics.  
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5.1.2 Contribution 2 
As the second contribution, the author investigated the role of surface tension 
driven forces in the transition of droplets across liquid-liquid interfaces. 
Numerical simulations indicated the critical role of surface tension driven forces 
in the transfer of Galinstan from glycerol into NaOH. To further understand the 
role of surface tension driven forces, the author decided to investigate the lateral 
transfer (transition) of air bubbles across liquid-liquid interfaces. The results 
were presented in Chapter 3, which are summarised as below, with the 
experimental results summarised in Figure 5.2: 
 The transition of air bubbles was investigated using NaOH and ethanol. 
These two liquids have almost similar viscosities (eliminating the role of 
hydrodynamic lift forces in the lateral transfer of the bubbles) but 
significantly different surface tensions (making the surface tension 
driven forces the dominant mechanism for the lateral transfer of the 
bubbles).  
 Experiments using high-speed imaging clearly indicated the transition of 
air bubbles from NaOH into ethanol, since the surface tension driven 
forces were in the favour of transition. Alternatively, the air bubbles did 
not transfer from ethanol into NaOH, since the surface tension driven 
forces were opposing the transition. In this case the droplets were 
pushed towards the sidewalls. 
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Figure 5.2. Characterising the role of surface tension driven forces on the lateral 
transfer of air bubbles from ethanol to NaOH and vice versa. These two liquids 
have similar viscosities but significantly different surface tensions: (a-c) air 
bubbles are continuously transferred from ethanol to NaOH, as the surface tension 
driven forces are in the favour of transition, (a´-c´) air bubbles cannot transfer 
from NaOH to ethanol, as the surface tension driven forces are opposing the 
transition. The flow rates of NaOH and ethanol are given in the schematics. 
	  
	   108 
5.1.3 Contribution 3 
As the third contribution, the author explored the transfer of Galinstan liquid 
metal droplets within a flow focusing system, comprising of a central glycerol 
core flow and two NaOH sheath flows. A comprehensive set of experiments was 
conducted using high-speed imaging to explore the dynamic response of 
droplets within such a system with two liquid-liquid interfaces. The results were 
presented in Chapter 4, which are summarised as below, with the experimental 
results summarised in Figure 5.3: 
 For the case of a T-shaped channel with one liquid-liquid interface 
(presented in Figure 5.1), the disturbance caused by transition of droplets 
was quickly dissipated along the interface, and glycerol flow could 
maintain its continuity. Alternatively, for the case of a flow focusing 
channel with two liquid-liquid interfaces (presented here), the transition 
of droplets pinched off the glycerol core flow, leading to the formation 
of a thin thread of glycerol along the centre of the channel. 
 Experiments utilising high-speed imaging indicated that the transition of 
droplets from the glycerol core flow into the NaOH sheath flows 
depends on the configuration of the core flow (which is governed by the 
flow rate of sheath flows), according to which the transition can be 
achieved in a disordered, semi-ordered or ordered manner. 
 During the ordered droplet transition, the droplets were ideally 
transferred into the two NaOH sheath flows in a sequential manner. 
However, any mismatch between the rates of the two sheath flows led to 
the constant transfer of droplets into the quicker sheath flow. 
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Figure 5.3. Analysing the transfer of Galinstan liquid metal droplets from 
glycerol to NaOH within a flow focusing microfluidic system. The transfer of 
droplets is governed by the shape of the glycerol core flow, which in turn depends 
on the flow rate of the NaOH sheath flows: (a) schematic flow focusing system, 
(b-b´) at low flow rates of NaOH sheath flow, the transfer of droplets is 
disordered. The slow movement of droplets reduces the gap between the 
consequent droplets, and induces an additional pressure drop along the core flow, 
which drives multiple droplets towards the glycerol-NaOH interface, (c-c´) at 
intermediate flow rates of NaOH sheath flow, the transfer of droplets is semi-
ordered. The stability of the core flow is governed by the motion of leading 
droplet. The deceleration of the leading droplet can lead to early transition of 
downstream droplets, (d-d´) at high flow rates of NaOH sheath flow, the transfer 
of droplets is ordered. Under optimal conditions, the droplets are sequentially 
transferred to the two sides of the core flow.  
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5.1.4 Contribution 4 
As the fourth contribution, the author explored the hydrodynamic directional 
control of Galinstan liquid metal droplets within the flow focusing system. The 
results were presented in Chapter 4, which are summarised as below, with the 
experimental results summarised in Figure 5.4: 
 Experiments indicated that for the case of the flow focusing system 
presented in Chapter 4 a relative flow rate difference of ~150 µl/min 
should be provided between the two NaOH sheath flows to ensure the 
droplets are constantly transferred into the quicker sheath flow. 
 A comprehensive set of experiments was conducted to investigate whether 
accelerating or decelerating of one sheath flow allows for the quick 
transition of droplets from one sheath flow to another. Experiments using 
high-speed imaging enabled the author to explore the dynamics of droplets 
and the stability of core-sheath flows during the directional change of 
droplets.  
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Figure 5.4. Transferring of droplets from one sheath flow to another by changing 
the relative rates of the sheath flows: (a-e) show the stacked trajectory of droplets 
when the flow rate of the upper sheath flow is accelerated from 500 to 800 µl/min, 
indicating an interim period of ~3.6 seconds before the direction of droplets 
change, (a´-e´) show the stacked trajectory of droplets when the flow rate of the 
upper sheath flow is decelerated from 800 to 500 µl/min, indicating an interim 
period of ~13.6 seconds before the direction change occurs. The dashed yellow 
lines represent the centreline of the flow focusing channel. 
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5.2 Recommendations for future work 
There are several opportunities to utilise the findings of the current PhD research 
to further improve the capabilities of liquid metal based microfluidic systems. A 
summary of research activities, which are recommended for future work are 
outlined as below: 
 Extra microfluidic modules can be added into the microfluidic system 
presented in Chapter 3 to enable the coating of produced droplets with 
nanoparticles (either before or after transferring of droplets into the NaOH 
flow). This enables changing the surface properties of droplets in a 
controllable and reproducible manner, paving the way for creation of a 
wide range of droplet-based systems with extraordinary thermal, electrical, 
and optical properties.  
 The directional control of droplets (shown in Chapter 4) can be utilised for 
the selective trapping of individual droplets inside micro-fabricated 
trapping arrays, patterned downstream of the flow focusing channel. This 
enables the actuation of droplets using various mechanisms, including 
continuous electrowetting [1], electrochemical [2]  or photochemical [3] to 
realise a variety of droplet-based actuators and sensors.  
 The interim time needed to shift the Galinstan liquid metal droplets from 
one sheath flow to another (presented in Chapter 4) can be significantly 
reduced by electrochemical actuation of droplets.   
 The hydrodynamic lift and surface tension driven forces, which have been 
utilised in this study for the lateral transfer of liquid metal droplets from 
one liquid to another, can be utilised for the continuous separation of 
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relatively large bio-particles based on their size. This technique is 
particularly suitable for manipulation of multicellular organisms such as 
zebrafish embryos with typical dimensions of ~100 µm. 
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